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INTRODUCTION AND REVIEW 
A factor that helps to control the distribution of an insect is the 
temperature below which activity never normally takes place. Insect 
distribution and survival are greatly affected by such factors as lethal 
high and low temperatures, but if, in any region, the temperature does 
not rise sufficiently often above that at which normal activity of a 
species begins, that species will cease to exist in that area although 
all other conditions may be favorable to life. In many regions climatic 
conditions are seldom sufficiently extreme to actually kill many in­
sects, but many species are unable to live actively or breed success­
fully there. For instance, it has been shown that the tsetse fly, 
Glossina palpalis. is able to fly at 14°C., but never appears sponta­
neously active in its natural environment below 20°C., and a hungry fly 
at 18°C. will die from starvation without moving to find food (Mellanby, 
1939). 
In the past invertebrates have been considered mainly as obliga­
tory poikilotherms whose reactions are dictated by environmental temper­
ature, but more recently there has been some indication that inverte­
brates are able to adapt their physiological processes to changes in 
temperature. Bullock (1955) reviewed the evidence that poikilotherms, 
following geographic isolation, develop into races whose physiological 
reactions show different temperature sensitivity. It is also well 
known that some poikilotherms are able to alter or control their inter­
nal temperature. For instance, the butterfly Vanessa is able to raise 
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its internal temperature by vigorous beating of its wings (Dotterweich, 
1928), bee colonies are able to regulate hive temperature by ventila­
tion and controlled activity of their members (Hazelhoff, 1954), and 
Galleria mellonella is known to form compact colonies and raise body 
temperature 5° to 10°C. above that of the environment (Burkett, 1962). 
This alteration of internal temperature can only be achieved by a few 
poikilotherms, but most are able to select a preferred temperature in 
a temperature gradient (Herter, 1953). 
Clarke (1960) found that the temperature response curve for 
changing body temperatures induced by changing air temperatures varies 
with the physiological condition of the locust. Locusta migratoria. In 
normal locusts the curve keeps pace with slow changes in air tempera­
ture, and when air temperature ceases to change, the body temperature 
continues to increase, finally having a temperature excess of 0.2° to 
5°C. above that of air. This temperature overshoot was absent from 
curves taken from starved locusts. 
When an animal is exposed to environmental conditions that differ 
from those in which it has been living, physiological adjustments result­
ing in acclimatization can occur (Presser, 1955). Acclimatization is 
a continuing process and its importance lies in tending to fit an animal 
to prevailing conditions. The extremes of its temperature range may be 
extended as a result-
Changes due to thermal acclimation in insects have been observed 
in a gross manner by noting changes in behavior (Mellanby, 1939). One 
of the earliest methods used to determine thermal acclimation was the 
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determination of the chill-coma temperature. Chill-coma was first de­
scribed as a temporary reversible rigor produced by cold (Semper, 1881). 
Since then the position of the chill-coma temperature has been shown to 
be dependent on the immediate temperature history of the insect, that 
is, it is altered by the temperature at which the insect has been pre­
viously kept (Mellanby, 1939; Colhoun, 1960). 
Mellanby (1939) studied five insect species spanning three orders 
and found that as the acclimation temperature decreased, a correspond­
ing decrease in the chill-coma temperature occurred. For example, when 
adults of the assassin bug, Rhodnius prolixus were placed at acclima­
tion temperatures of 36°, 30°, and 14° to 17°C., the corresponding chill-
coma temperatures were 12.0°, 10.5°, and 8.6°C. The time required for 
this acclimation for most of the insect species he studied was less than 
24 hours. Mellanby also found a relationship between the previous ther­
mal history of an insect and its ability to survive short periods of 
extremely low temperatures. Insects of the same species previously kept 
at a moderately low temperature are more apt to survive short periods 
of very low temperature, and for a longer period of time, than those 
previously kept at a higher temperature. 
Colhoun (1960), using the German cockroach, Blattella eermanica. 
also demonstrated the effect of previous thermal history on the chill-
coma temperature. He found that, in general, the rate of recovery was 
slower for roaches kept at lower test temperatures. This differs from 
the results of Mellanby (1939) who showed that the roach Blatta 
orientalis recovered immediately from immobilization for either 24 or 72 
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hours at various temperatures below the chill-coma temperature; Col-
houn found that recovery from lower temperatures was slower. Colhoun 
also found that the recovery temperature determined the rate of recov­
ery from chill-coma- Roaches acclimated at 35°C. recovered much more 
slowly when placed at 15°C. than at 35°C. Conversely, 15°C. acclimated 
roaches recovered more quickly at 35°C. 
No acclimation appears to occur when an insect is in a state of 
chill-coma. Mellanby (1939) reported that cockroaches acclimated to 
30°C. and kept for five days at 2° to 3°C. remain completely immobilized. 
An immediate determination of their chill-coma temperature made upon 
their recovery showed it unchanged. Acclimation appears to take place 
only if an insect is above its chill-coma temperature and capable of 
movement. 
Most chill-coma temperatures for insects are between 5° and 10°C. 
Two extreme exceptions are for warm-acclimated Tenebrio molitor, which 
has a chill-coma temperature of 12.1°C- (Mutchmor and Richards, 1961), 
and Grvlloblatta, which normally inhabits glacier areas and can remain 
active to -5.6°C. (Edwards and Nutting, 1950). 
The criteria used in chill-coma determinations have varied consider­
ably. Mellanby (1939) used a 15 minute time period in his chill-coma 
determinations. He simply exposed insects to a given low temperature 
for 15 minutes and if they entered rigor, considered this the chill-
coma temperature. If rigor did not occur a lower temperature was tried. 
Colhoun (1960) placed populations of German cockroaches at selected low 
temperatures and observed their activity at given intervals after the 
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temperature change. With the data thus obtained Colhoun used probit 
analysis to determine the ED^q of activity at low temperature. Chill-
coma was considered to be the point at which 50% of the roaches were 
unable to stand or crawl. Mutchmor and Richards (1961) placed accli­
mated individuals in a container held at a constant temperature and 
prodded the animals lightly with a blunt probe when they neared their 
chill-coma temperature. An insect was considered in chill-coma when 
gentle prodding failed to elicit a response. Several individuals were 
examined in this manner, the average time for the insects to enter chill-
coma was calculated for each test temperature, the temperature-time re­
lationships for several test temperatures were plotted, and 15 and 30 
minute chill-coma temperatures were determined by extrapolation. 
Anderson and Mutchmor (1968) used a modification of this technique. 
As the roach neared its chill-coma temperature the anal cerci were stim­
ulated with a blunt probe. If no response was obtained the metathoracic 
legs were moved directly with the probe. If voluntary movement of the 
insect was obtained following stimulation at either the cercal or leg 
level the animal was not considered in chill-coma and the procedure was 
repeated until the response failed. In a preliminary study Anderson 
(1967) indicated that the size of the roach influenced the length of 
time required for the animal to enter chill-coma. In one case it took 
15 minutes longer for a large than for a small cockroach to enter chill-
coma. He solved this problem by converting the length of time required 
by the insect to enter chill-coma into a time value related to the weight 
of the insect. The time per gram values thus obtained were averaged and 
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plotted against test temperatures. Anderson and Mutchmor defined the 
chill-coma temperature as the temperature which induces chill-coma in 
40 minutes. 
In summary, the criteria for the determination of chill-coma in 
insects have varied from the ability of 50% of a population to stand or 
crawl (Colhoun, 1960), to the failure of an insect (Mutchmor and 
Richards, 1961), or some specific body part (Anderson and Mutchmor, 1968) 
to respond. Also, in previous investigations the definition of chill-
coma has included a time factor, or chill-coma has been described as 
the temperature at which a state of reversible rigor will occur in a 
given length of time. A portion of this study proposes the use of loco­
motor events or failures to describe chill-coma, much like we describe 
coma in vertebrates by the dilation of pupils or the loss of the blink 
reflex in the eye, rather than a time value. 
Although chill-coma has been used a great deal in gross determina­
tions of thermal acclimation, the actual site of the cold block, the 
reason for the rigor, has not been determined. Various theories have 
been proposed for the immobility. Work on muscle ATP-ases indicates 
that there may not be enough energy supplied to allow successive con­
tractions to occur at low temperatures (tfctchmor and Richards, 1961). 
Nerve function within the insect central nervous system has been shown 
to be temperature dependent and consequently a failure of various ner­
vous system components has been proposed as a reason for the paralysis 
(Anderson and Mutchmor, 1968). Recent work with autointoxication and 
related stress phenomena (Sternburg, 1963; Cook e^ al., 1969) suggest 
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the possibility that a toxic substance, being released from the nervous 
system during the stress, could contribute to immobility. Perhaps in­
duction of chill-coma constitutes a similar stress. 
Since all activity in an organism is controlled and regulated by 
the nervous and endocrine systems, and the nervous system generally me­
diates quick, short term adjustments, it is logical to assume that, since 
the onset of chill-coma is usually very rapid, the nervous system should 
play a role in this cold-induced rigor. Added indications of nervous 
involvement come from Colhoun (1960) who noted that when the German roach 
enters chill-coma there were convulsive-like movements. If roaches were 
held for a prolonged period at low temperatures pronounced tremors of 
limbs and other appendages and locomotor incoordination occurred. 
Mutchmor and Richards (1961) noted a similarity between the behavior of 
an insect as it entered chill-coma and its behavior as it was anesthe­
tized with CO2. The addition of CO2 also reduced the time required to 
enter chill-coma in Periplaneta americana. 
Several investigators have implicated the nervous system as the lim­
iting factor in cold acclimation. Boycott et^ al. (1961) indicates that 
there is a change in the synaptic structure of the brain in lizards which 
were acclimated to different temperatures. Fisher (1958) notes that in 
fish the selection of a preferred temperature in a temperature gradient 
is upset by lesions of the forebrain. Roots and Prosser (1962) noted that 
conduction in peripheral nerves of goldfish and blue gills is blocked by 
cold and that the critical temperature for the cold block decreases with 
cold acclimation. There was also a hierarchy of temperature sensitivity 
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indicated. The peripheral nerve function was least sensitive to the 
cold, the spinal functions more sensitive, and the midbrain functions 
most sensitive. In fish the cold-blocking temperature is related to the 
nerve pathway involved, as well as to the acclimation temperature. 
The effect of temperature acclimation on peripheral nerves has been 
investigated. Engelhardt (1951) showed that temperature acclimation oc­
curs in the nervous ischiadicus of frogs kept at 5° to 10°C. or at 15° 
to 20°C., with the acclimation effect most pronounced below 10°C. and 
above 25°C. However, no differences were found by Grainger and Goldspink 
(1964) at 20°C. in the characteristics of nerve muscle preparations from 
frogs acclimated at 10° or 22°C., or in motor performance of these frogs 
at 18°C. Pampapathi Rao and Saroja (Pampapathi, 1967) found that the 
conduction velocity in the giant fibers of the tropical earthworm, 
Lampito mauritii. at 28°C. was about four times higher in animals accli­
mated at 20°C. than in those acclimated at 35°C. The cholinesterase 
activity and the acetylcholine content were also higher in the nerve 
cords of animals acclimated to the lower temperature. Lagerspetz and 
Talo (1967) using the earthworm, Lumbricus terrestris, also found that 
the mean conduction velocity in the giant fibers was greater in cold-
than in warm-acclimated worms. 
Temperature usually has been found to affect the falling phase 
more than the rising phase of the action potential. Hodgkin and Katz 
(1949) calculated Q Q^ values of 2.7, 2.07, and 1.54 for the rise of the 
spike in giant axons of the squid Loligo forbesi for the temperature in­
tervals of 5° to 10°C., 10° to 20°C., and 20° to 30°C. respectively. 
The corresponding Q Q^ values for the fall of the spike were 5.3, 3.3, 
and 2.06. Similar values have been obtained for the single nerve fibers 
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in frogs whether the recording was made from an area of several nodes 
(Schoepfle and Erlanger, 1941; Arshavski, 1958) or from a single node of 
Ranvier (Tasaki and Fujita, 1948). 
Kerkut and Taylor (1956) observed that a rapid increase in tempera­
ture, from 15° to 25°C., caused a transient decrease in rate of spontane­
ous activity from the isolated ganglia of the crayfish, slug, and cock­
roach, while a decrease in temperature caused a transient increase in 
activity; aside from the transient effects, however, the electrical ac­
tivity was directly correlated with temperature. Bois tel (1957) showed 
that the cockroach nerve cord and cricket crural nerve showed a sharp de­
crease in excitability following an increase in temperature from 13° to 
30°C. Rangarao (1963) found a positive correlation between temperature 
and spontaneous activity in the crural nerve of Schistocerca. Higher im­
pulse frequency was recorded if the locusts were pretreated at low 
temperatures. Bernhard e^ al. (1965) demonstrated that a slow rise in 
temperature induced an increase in excitability in the cercal nerve of 
Blaberus craniifer. while a decline in excitability followed slow 
decreases in temperature. 
The peripheral nerves of blue gills and green sunfish acclimated 
to 25°C. can be shown to conduct impulses below 5°C. when recorded in 
situ (Roots and Prosser, 1962). Li and Gouras (1958) showed that near 
5°C. the response of the frog sartorius muscle to nerve stimulation con­
sists of only an end plate potential, with a failure to develop a muscle 
potential. This indicates that in this poikilotherm there is a critical 
temperature at which neuromuscular transmission fails. It should be 
noted, however, that the failure of a muscle potential does not neces­
sarily hinder the contraction of insect muscle. 
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The nervous system of insects has been shown to acclimate. Kerkut 
and Taylor (1958) have noted that the optimum temperature for spon­
taneous activity of the isolated nerve cord of Periplaneta americana 
was 22°C. for roaches kept for a month at 22°C., and 31°C. for animals 
acclimated at 31°C. Later d'Ajello et al. (1967) found that isolated 
nerve cords from the American cockroach acclimated to 20°C. for four 
weeks showed highest spontaneous activity at 18°C., and those kept at 
30°C. showed the highest activity near 26°C. Sharp decreases in tempera­
ture reaching 4° to 6°C. would always block activity, but activity would 
soon reappear with rising temperature. Irregularly high trains of im­
pulses always preceded the block. 
Roots and Presser (1962) have shown that the site of the cold block 
in fish is the central nervous system. Anderson and Mutchmor (1968) in­
dicated that in three species of cockroaches, Leucophaea maderae, 
Blaberus craniifer. and Periplaneta americana. the intact and isolated 
metathoracic ganglion continued to operate at temperatures below the 
chill-coma temperature for each species, irrespective of the acclimation 
temperature. Because electrical activity could be detected at the meta­
thoracic ganglion they concluded that the failure of the central nervous 
system did not directly induce chill-coma. 
During the temperature drop of chill-coma testing a steady rate of 
electrical discharge was obtained by Anderson and Mutchmor (1968) from 
intact nerve cord preparations, with occasional bursts of electrical 
activity. The bursts coincided with leg movements and consequently they 
concluded that they were due to efferent signals from the metathoracic 
ganglion and afferent signals to the ganglion from the leg. These 
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increases in activity were not found in isolated preparations. They 
also found that movement of a leg at temperatures which were above the 
chill-coma temperature caused similar increases in recorded electrical 
activity, while identical movement of a leg at temperatures below the 
chill-coma temperature failed to produce an increase in activity. 
Anderson and Mutchmor therefore postulated a hierarchal sequence of ner­
vous failure involved with chill-coma. First, they suggested there may 
be a failure of either peripheral nerve conduction or synaptic trans­
mission which actually immobilizes the insect, followed, secondly, by a 
fadeout of the central nervous system at a temperature below the chill-
coma temperature. 
The major purpose of this study was to test a portion of this hy­
pothesis by electrical recording from selected peripheral and central 
nervous system sites during a temperature decrease that induced chill-
coma in the American cockroach, Periplaneta americana. Presence or 
absence of electrical activity, and fluctuations in amplitude and fre­
quency preceding action potential extinction were determined and 
analyzed. 
Since the criteria for chill-coma have varied in the past, a 
detailed study of the behavior of a cockroach as it enters and recovers 
from chill-coma was conducted first. This served to describe and cata­
logue the major behavioral events and locomotor failures that a roach 
passes through as it enters and recovers from a series of low tempera­
tures. This description permits more precise correlation of the chill-
coma data obtained by others, provides a series of potential chill-coma 
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markers, and gives direction to the subsequent study of the nervous 
system. 
The electrophysiological portion of this study seeks correlations 
between electrical events within the nervous system and the chill-coma 
events and locomotor failures described in the first portion of this 
investigation; this, it is hoped, will provide greater insight into 
the actual site of the cold block in insects. 
It was found that there was a hierarchy of temperature sensitivity 
between peripheral nerves and the central nervous system and one between 
the anterior and posterior portions of the central nervous system in the 
cockroach. The peripheral nerves are slightly more temperature sensi­
tive and fade out electrically just prior to the adjoining central 
nervous system in the same body region, although this difference in ac­
tion potential extinction temperature between the central and peripheral 
sites in each body region is not statistically significant. More impor­
tantly, there is a marked difference in the temperature sensitivity of 
the ventral nerve cord in the cervical and thoracic regions. The central 
nervous system in the cervical region fades out 4.4°C. higher than in 
the thoracic region. The electrical fadeout of the ventral nerve cord 
in the cervical region and peripheral maxillary nerve generally coin­
cided with immobilization of the roach, while the thoracic nerve cord 
and peripheral leg nerve 5 continued to conduct impulses well below the 
immobilization temperature. 
13 
METHODS AND MATERIALS 
General 
Adult American cockroaches, Periplaneta americana, were used 
throughout this study. Males, rather than females, were used because 
of their lesser fat content and thus less interference in recording 
electrical potentials within the nervous system. Roaches were obtained 
from a large mass-reared colony maintained at 26°+l°C., with a photo-
period of 12 hours light and 12 hours dark, in our insectary. They were 
transferred weekly to an incubator (Freas Model 805) and maintained for 
at least one week at 26°+0.5°C. under constant illumination prior to 
use. Purina dog chow and water were supplied ^  libitum. Wood shav­
ings and pint cylindrical cardboard containers provided the insects 
with shelter in screened 15 x 12 x 7 inch plastic cages. 
Catalogue of Chill-coma Events 
Eight chill-coma test temperatures were used; 0.3°, 2.9°, 5.1°, 
7.2°, 8.0°, 8.8°, 9.8°, and 10.5°C. Two groups of cockroaches were 
used at each test temperature. 
The first group consisted of five to nine roaches taken directly 
from 26°C., weighed, and placed in a chamber fashioned from a 6 ounce 
plastic tumbler emersed in a constant temperature refrigerated water 
bath (Blue-M Model 32IDA) preset to the desired test temperature. A 
small thermistor temperature probe (Virtronics 50-2-C) was suspended 
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just above the floor of the chamber to monitor the chamber air tempera­
ture with a thermistor thermometer (VirTronics Model 50-DC). A 35 mm 
plastic petri dish cover was used to seal the chamber and provided a 
window to observe the animal. 
An electric timer was started as the roach was placed into the 
chamber and a boom mounted dissecting microscope was positioned over 
the chamber window. Each roach was observed continually for one hour 
and probed periodically with a thin glass rod. Records were kept of 
the various locomotor events and (or) failures that occurred as the roach 
cooled, as well as the elapsed times, in seconds, for these events to 
occur from the time the roach was placed at the given test temperature. 
After one hour the general condition of the roach, as indicated by the 
quality and frequency of body part movement, was recorded. Each roach 
was then taken from the test chamber and allowed to recover at room 
temperature. Recovery events and elapsed times for these events to 
occur from the time the roach was taken from the test temperature were 
recorded. 
A second group of cockroaches was used in order to obtain accurate 
internal measurements of body temperature so that the locomotor freedom 
of the roaches tested in the first group would not be affected. Adult 
male roaches were taken from 26°C., weighed, and anesthetized with CO2. 
A small thermistor temperature probe (Yellow Springs Model 8456, time 
constant 0.2 sec., O.D. 0.024 inch) was inserted into the thorax of each 
via the anus. Four roaches were placed at each test temperature in this 
manner and the temperature was recorded from a thermistor thermometer 
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(Yellow Springs Model 8420) every 50 seconds for one hour. The average 
values obtained for the four roaches at each test temperature was used 
in plotting curves describing the decline in body temperature. The 
test temperature of the roaches in the first group, in which chill-
coma events were observed, was taken, then, as the final internal body 
temperature of the four roaches tested in each second group. 
Recording Nerve Potentials 
Adult male cockroaches were taken from 26°C., weighed, and anesthe­
tized lightly with CO2. To obtain simultaneous electrical records from 
a peripheral leg nerve and the thoracic nerve cord each roach was placed 
ventral side up in a melted wax (Tempil Corporation, melting point, 
45°C.) depression. Placement of the roach was timed so that the wax 
hardened just prior to the insects recovery from the anesthetic. The 
roach was restrained by its pronotum and wings, the head and abdomen 
always being free to move. The legs were lightly fixed to the wax by 
their tibiae with the use of a fine soldering pencil (Figure ID); the 
tarsi and pretarsi were free to move following hardening of the wax, 
which indicated little or no heat damage to underlying tarsal muscula­
ture. A boom mounted dissecting microscope was positioned above the 
roach to facilitate dissection, electrode positioning, and observation 
of chill-coma events (Figure 2-C). 
The metasternum and underlying fat was removed to expose the nerve 
cord between the meso- and metathoracic ganglia. Care was taken not to 
disturb tracheae near the ganglia or nerve cord. A small window was 
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cut into the thin cuticle along the posterior-lateral wall of the right 
metathoracic coxa to expose nerve 5 (Pipa et al., 1959) near its origin 
on the posterior-lateral side of the metathoracic gangion. Sensory and 
motor fibers are present in nerve 5 (Pringle, 1939) with motor neurons 
innervating both depressor and levator leg muscles (Nijenhuis and 
Dresden, 1952; 1956). A micromanipulator (Narishige Model 1207) was used 
to position two pairs electrodes, each pair consisting of two thin, 
hooked, stainless steel electrode tips approximately 1 mm apart. They 
were cleaned with a concentrated solution of enzyme detergent (Biz) and 
rinsed in distilled water prior to each use. 
One pair was positioned under both nerve cord connectives between 
the meso- and metathoracic ganglia, and the other pair under nerve 5 
in the right metathoracic coxa (Figure IE). The nerves were lifted 
slightly above underlying tissue. Both nerve sites were continually and 
profusely bathed in.the insects own haemolymph. The electrical activity 
from these two sites, central and peripheral, was displayed on a 
Tektronix 502A dual-beam oscilloscope (Figure 2-H). A small thermistor 
temperature probe (Yellow Springs Model 8456) was inserted into the 
thorax at the level of the nerve cord through the cut in the metasternum 
(Figure IE), and the temperature was read on a thermistor-thermometer 
(Yellow Springs Model 8420). Nine roaches were tested in this manner. 
A similar procedure was followed for obtaining simultaneous elec­
trical records from the ventral nerve cord in the cervical region and 
the maxillary nerve, nerve 4 from the subesophageal ganglion (Willey, 
1961). Roaches were placed in the Tempil wax as before and restrained 
Figure 1. Illustration of cockroach placement on the Tempil wax platform and electrode posi­
tioning for recording simultaneously from the central nervous system and selected 
peripheral nerves 
A. Periplaneta americana affixed to the Tempil wax platform by its wings pronotum, 
vertex, and the pro- and mesotibiae 
B. Electrodes positioned to record from the ventral nerve cord between the protho-
racic and subesophageal ganglia and maxillary nerve 4 from the subesophageal 
ganglion 
C. View from above of the roach at the bottom of the cold chamber when the coil is 
moved up. Electrodes positioned to record from the cervical nerve cord and 
maxillary nerve 4. The cable from the thermistor temperature probe can be seen 
entering the cut in the sternum near the electrode tips 
D. Cockroach affixed to the wax platform by its wings, pronotum, and all tibiae. A 
pair of wires leading to a small 1.5 volt lamp under the thorax of the roach can 
be seen at the lower right of the Tempil wax platform 
E. Electrodes positioned to record from the ventral nerve cord between the meso- and 
metathoracic ganglia and metathoracic leg nerve 5 
F. View from above of a cockroach at the bottom of the cold chamber wfth the elec­
trodes positioned to record simultaneously from the metathoracic central nervous 
system and metathoracic leg nerve 5. The grounded brass screen can be seen 
lining the inside of the glass coil 

Figure 2. Illustration of the apparatus used to record nerve potentials during the onset of 
chill-coma in Periplaneta americana 
A. Cold chamber consisting of a helical glass coil wrapped in cheesecloth insula­
tion. The coil is in a down position surrounding an inverted pint jar. A 
cockroach can be seen affixed to the wax platform in the center of the coil 
B. Micromanipulator holding a set of electrodes in position above the cockroach 
C. The head of a boom mounted dissecting microscope positioned above the cockroach 
D. Microscope lamp with a heat shield 
E. The base of the boom mounted dissecting microscope, 
F. Grounded, screened cage to reduce electrical interference during nerve potential 
recording 
G. Flourescent lamp for illumination of apparatus 
H. Tektronix 502A dual-beam oscilloscope 
I. Hood surrounding oscilloscope bezel and the lens of the oscilloscope recording 
camera to allow photographic records to be obtained in daylight 
J. Grass Model C-4 oscilloscope recording camera 
K. Blue-M Model MR-2416A-1 controlled-temperature refrigerated water bath 
L. Soldering pencil used to affix each cockroach to the wax platform 
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by their pronotum, wings, and tibiae of all but the metathoracic legs. 
In addition the head was reflected 90° from its normal hypognathous 
position and held by the vertex in the Temp il wax, thus exposing the 
mouthparts to a posterior dissection (Figure LA). The entire labium 
was excised to expose the subesophageal ganglion. Hooked stainless 
steel electrodes were placed under the left maxillary nerve between its 
origin at the subesophageal ganglion and its entry into the stipes of 
the maxilla. This is also a mixed peripheral nerve carrying both 
afferent and efferent impulses (Nijenhuis and Dresden, 1952). Mouthparts 
had variable freedom of movement. The mandibles were always free to 
move, as was the right maxilla and its palp. The left maxilla was out­
stretched laterally by the base of the electrode tip and consequently 
could move only slightly, but its palp was always free to move. The 
second pair of hooked electrodes were placed under both of the ventral 
nerve cord connectives between the prothoracic and subesophageal ganglia 
after the thin overlying membrane and cervical sclerite had been re­
moved. The thermistor temperature probe was placed into the thorax 
through a cut made in the prosternum (Figure IC). The electrical ac­
tivity from these two sites was displayed simultaneously on the 
Tektronix 502A dual-beam oscilloscope. Nine cockroaches were tested 
in this manner also. 
In order to verify the results that had been obtained separately 
from the two central nervous system sites in the neck and thorax while 
the peripheral nerves were monitored, simultaneous electrical records 
were obtained from the thoracic and cervical regions of the ventral 
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nerve cord. Each roach was held in the Temp il wax by its wings, 
pronotum, all of its tibiae, and vertex. The abdomen, tarsi, antennae, 
and all mouthparts were free to move. The hooked electrodes were 
placed under both nerve cord connectives in the metathoracic and cer­
vical regions as previously described, and simultaneous electrical 
activity displayed on the Tektronix 502A oscilloscope. The thermistor 
temperature probe was inserted into the thorax at the level of the 
ventral nerve cord between the two recording sites through a cut in 
the sternum. The Tektronix 502A oscilloscope has a noise level rated 
at 30 microvolts. This means that any detectable spike must be greater 
than 30 microvolts. High sensitivity of this order is necessary for a 
number of reasons. Although the action potential across the membrane 
of a single nerve fiber is nearly 100 millivolts (Hodgkin, 1951), the 
full potential can be detected only by electrodes placed directly on 
the membrane, and the recorded potential drops rapidly as the electrode 
distance from the nerve fiber increases. This drop in potential is 
most often experienced in recordings from whole nerves, as in this 
study (Reddy, 1970). 
In order to observe chill-coma events under the same conditions 
of declining temperature, but unbiased by the trauma of dissection and 
electode placement, four cockroaches were weighed, lightly anesthetized 
with CO2, and affixed to the Tempil wax platform by only their wings 
and pronotum. The small thermistor temperature probe was inserted into 
the thorax of each via the anus. An inverted 60 mm plastic petri dish 
cover was placed over each roach and weighted to prevent excessive 
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struggling during the 30 minute period allowed for full recovery from 
the anesthesia. Each roach was then subjected to the same temperature 
decline as the roaches in which electrical events were recorded. Chill-
coma events, as well as elapsed times for these events to occur, were 
recorded for one hour. 
The platform on which each roach was held during recording of 
nerve activity consisted of an inverted 60 mm plastic petri dish cover 
coated with a thin layer of the Tempi 1 wax. This was fixed to the 
bottom of an inverted pint jar. A glass coil, 4 inches in diameter and 
insulated with a layer of cheesecloth, surrounded the inverted jar. 
This coil was attached to a ring stand so that it could be moved verti­
cally (Figure 2-A and Figure 3A). A system of rubber and glass tubing 
connected the glass coil and jar to a circulation pump on a large con-
trolled-temperature refrigerated water bath (Blue-M Model MR-2416A-1) 
(Figure 2-K). 
After the electrodes and thermistor temperature probe were posi­
tioned the coil was moved up to surround the roach on its platform; the 
coil then formed sides of the cold chamber. A 100 mm plastic petri 
dish served as a top to seal this chamber while still permitting observa­
tion of the insect within (Figure 3B). Holes, provided in the plastic 
cover to accommodate the electrodes, were sealed with cotton after the 
top was in place (Figure 3C). A cylinder of fine brass screen lined the 
inner surface of the glass coil and was grounded to help prevent electri­
cal interference during testing (Figure IF). A microscope lamp 
equipped with a heat shield supplied enough illumination to observe 
Figure 3. Illustration of the sequence involved in positioning and sealing the cold chamber 
A. Lateral view of a cockroach affixed to the Tempil wax platform with electrodes 
positioned and the coil in its down position 
B. View from above of the coil in its up position and sealed with the plastic 
cover and cotton. The cockroach is visible at the bottom of the chamber. 
The glass rod used for probing can be seen penetrating the plastic cover 
C. Lateral view of the coil, sealed and in its up position surrounding the cock­
roach within. Rubber tubing connecting the inverted jar to the glass coil, and 
both of these to the water bath, can be seen 
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the roach in the chamber (Figure 2-D). The lamp was always directed 
away from the insect, usually at the side of the chamber, to further 
reduce radiant heating. The entire cold chamber and most of its tub­
ing, the dissecting microscope, and the microscope lamp were all housed 
within a 2% X 2% X 2 foot screen cage, open at one side, and grounded 
to reduce electrical interference during recording (Figure 2-F). 
Each roach was allowed to recover from the CO2 anesthetic for at 
least 30 minutes prior to use. A small penlight lamp was positioned 
under the inverted petri dish platform, just below the insects thorax. 
The lamp was connected to a 1.5 volt battery while the roach was re­
covering from the anesthetic and during dissection and electrode posi­
tioning. This maintained the roaches internal body temperature at 
30°+l°C. At the beginning of each test this lamp was turned off and 
the circulation pump from the refrigerated water bath was switched on 
to circulate methyl alcohol, pre-cooled to -5°C., through the glass 
coil and inverted jar that formed the walls and floor of the cold cham­
ber. An electric timer was also started at this time. The temperature 
dropped from 30° to 0°C. in approximately 23 minutes. Chill-coma 
events, as well as elapsed times for these events to occur, were re­
corded as the temperature declined. 
Permanent records of nerve activity were obtained on Kodak 35 mm 
Linagraph Ortho film with a Grass Model C4 oscilloscope recording camera 
set for single frame operation (Figure 2-J). The lens was set at 1/25 
of a second at f5.8. Three single 35 mm frames were exposed approxi­
mately 1 second apart, as the temperature dropped to 0°C., at 27°, 26°, 
25°, 20°, 12°, 10°, 9°, 8°, 7°, 6°, 5°, 4°, 3°, 2°, 1°, and 0°C. 
These frames were taken only when the insect was quiet, and not ac­
tively struggling. Three frames were exposed at points where sponta­
neous struggling occurred between 24° and 20°C., 19° and 16°C., and 
below 15°C. After each test the film was developed, the amplitude of 
each action potential was measured, and the number of spikes per frame 
was recorded. For this study frequency is defined as the number of 
action potential spikes counted on eight centimeters of the oscilloscope 
screen with the sweep speed at 7 cm per millisecond. The sample of 
electrical activity at each of the above temperatures consisted, there­
fore, of the average frequency and amplitudes of the three frames ex­
posed at each temperature. 
All nine frames taken of the quiet roach at 27°, 26°, and 25°C. 
were averaged to obtain the normal frequency and amplitudes at the nor­
mal acclimation temperature (26°C.). The normal activity of various 
nerve cord preparations may present differences in amplitude and fre­
quency. This can be due to factors such as geometry of electrode con­
tacts and the influence of manipulation during dissection. Therefore, 
measurements obtained at other temperatures are, in some cases, ex­
pressed as a percentage of the normal values for each roach. 
The convention of Eaton and Farley (1969) will be used to desig­
nate the ganglia by their serial order in the adult cockroach nerve 
cord; the subesophageal ganglion as SE and the three thoracic ganglia 
as Tl, T2, and T3. Peripheral leg nerve 5 is designated N5 (Pipa et al.. 
1959) and maxillary nerve 4 is designated N4 (Willey, 1961). Roaches 
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in which simultaneous electrical records were obtained from the ventral 
nerve cord between the meso- and metathoracic ganglia and metathoracic 
leg nerve 5 are designated, therefore, T2 - T3(N5). Those in which 
simultaneous electrical records were obtained from the central nervous 
system between the subesophageal and prothoracic ganglia and maxil­
lary nerve 4 are designated SE - T1(N4). 
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RESULTS 
Chill-coma Behavior 
It was found that a cockroach acclimated at 26°C. goes through a 
definite series of locomotor events and (or) failures when placed at a 
series of chill-coma test temperatures ranging from 0.3° to 10.5°C. 
The sequence and average elapsed times for the chill-coma events to occur 
are summarized and coded by letter in Table 1 and illustrated in Fig­
ure 4. A detailed description of a cockroach acclimated to 26°C. and 
placed at 0.3°C. for one hour follows (This temperature was selected for 
use in this example of chill-coma behavior because it gave the most pre­
cise and reproducible sequence of the various chill-coma events and (or) 
failures. In general, the higher the test temperature used, the more 
apt one was to find merging, overlapping, or elimination of some chill-
coma events); As soon as the cockroach is placed at 0.3°C. it scurries 
along the bottom and sides of the chamber. It may be flipped from the 
sides of the test chamber onto its back and it will quickly right it­
self using its legs, wings, and abdomen. As its internal body tempera­
ture drops a point is reached where it is unable to right itself, even 
though it can vigorously thrash and kick its legs and occasionally flut­
ter its wings. This point, inability to turn over, was recorded as the 
first major chill-coma event (Table 1-A), During moments of stillness 
the legs and palps are in their normal position (Figure 4A). The insect 
remains on its back for the remainder of the test period until taken 
from the chamber and allowed to recover at room temperature. 
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Periods of kicking and thrashing continue with decreasing vigor as 
the body temperature drops, and during still moments the legs soon as­
sume a tucked (Figure 4B) and (or) crossed (Figure 4C) position. At or 
about this time the body bends, with the head and tip of the abdomen 
lifted from the substrate. Also, the coxae swing rigidly vertical, 
that is, perpendicular to the long axis of the body at this point 
(Figure 4E). The legs may or may not remain crossed or tucked during 
still periods. If the animal is probed it responds well by kicking, 
straightening its body, and generally thrashing for a short while, but 
then it assumes its body-bent, coxae-vertical position again. The whole 
body appears to be in a general state of tension at this time. The 
maxillae begin to move in a rhythmic chewing fashion soon afterward. 
Next, the maxillary palps, and occasionally the labial palps, be­
come outstretched laterally and the maxillae stop their rhythmic chew­
ing movements and spread wide apart (Figure 4F). Prior to this, both 
sets of palps move about randomly from their normal position. The an­
tennae and legs may still move spontaneously. Response to probing is 
good. 
At or shortly after the time the palps extend laterally the head 
rears back from its normal hypognathous position, so that the long axis 
of the head lies nearly in the same plane as the long axis of the body 
(Figure 4G). As the head rears the body generally returns to its normal 
unbent position. Leg movements become very choppy and frequent tremors, 
especially in coxae, occur. Response to probing is generally fair. 
The lateral extension of the palps and head rearing are followed by 
Figure 4. Illustration of selected chill-coma events in Periplaneta 
americana 
A. Ventral view of metathoracic legs in their normal 
resting postion, with the cockroach on its back 
A. & L. Frontal view of the cockroach head with the 
palps and maxillae in their normal resting position 
B. Ventral view of the metathoracic legs in a tucked 
position 
C. Ventral view of the metathoracic legs in a crossed 
position 
E. Lateral view of the procoxae lifted perpendicular to 
the long axis of the body 
F. Frontal view of the head with the palps extended 
laterally and the maxillae spread apart 
G. Lateral view of the head reared from its normal 
hypognathous position 
I. Frontal view of the head with both sets of palps in 
a rigid ventral extension 
K. Frontal view of the head with the maxillary palps half 
extended ventrally and returning to their normal rest­
ing position 
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Table 1. Adult male Perlplaneta amerlcana reared at 26°C. and placed in a series of chill-
coma test temperatures ranging from 0.3° to 10.5°C., for one hour. (#) indicates 
the number of cockroaches that exhibited a particular chill-coma event, (sec) 
indicates the average elapsed time in seconds that it took these cockroaches to 
exhibit the event. The total number of cockroaches tested at each temperature 
is given at the bottom of the table. The actual elapsed times on which these 
averages are based, as well as the standard deviation about each mean may be 
found in Table 6 of the Appendix 
TEST TEMPERATURE 
CHILL-COMA EVENTS 0 
T 
.3'C. 
sec 
2 
1 
.9"C. .1°C. 
.2'C. 8 
T 
.0"C. 8 .8'C. J 1.8*0. 
A OVER - NOT ABLE TO 
RIGHT ITSELF 9 104 6 162 
JL 
7 178 
JL 
6 265 
Jl 
7 
S0C 
321 
i-
5 
sec 
372 
i 
7 
sec 
402 
JL 
s 
•oc 
572 
B LEGS TUCK 3 190 2 240 5 253 6 438 7 433 4 496 7 452 4 572 
C LEGS CROSS 8 167 5 253 6 218 5 359 3 828 3 828 5 842 0 
D BODY BENT 5 209 1 275 1 260 5 342 7 496 S 446 7 448 5 698 
1300 
E COXAE VERTICAL 8 193 1 310 3 467 6 558 7 692 
678 
5 778 
795 
826 
995 
1273 
7 818 
831 
1032 
1231 
1165 
1 
0 
F MAX. PALPS RIGIDLY LAT. 8 196 5 285 3 350 5 446 6 5 4 
6 HEAD REAR 6 220 5 288 2 320 5 521 4 775 
941 
5 c 0 
5 
H BODY BACK TO NORMAL 
POSITION 2 325 1 330 1 410 2 605 7 S 
J 
7 1069 
1 MAX. PALPS RIGIDLY 
VENTRAL - MOUTHPARTS OUT 9 266 6 293 7 436 6 660 7 858 4 3 Q 
J HEAD BACK TO NORMAL 
POSITION . 5 317 1 335 1 530 4 1734 1 2015 
2521 
4 1911 4 2620 Q 
K MAX. PALPS 1/2 EXTENDED 
VENTRALLY 9 920 6 1089 7 1462 6 2315 4 0 0 0 
I MAX. PALPS IN NORMAL 
POSITION 9 1246 6 1402 7 2081 5 2840 3 2783 0 n 0 
M WHOLE ROACH 
COMPLETELY OUT 9 2175 2 3465 2 3335 1 3350 0 0 0 0 
1 NUMBER TESTED 9 6 7 6 7 5 7 5 
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the maxillary palps swinging to a rigid ventral position (Figure 41). 
If the labial palps were extended laterally previously, they also as­
sume a rigid ventral position. As the palps swing ventrally the 
maxillae come together and the head soon assumes its normal position 
and becomes essentially still. Probing the body, legs, or head at this 
point elicits no response, although choppy, twitchlike movements of the 
legs appear occasionally. The head and mouthparts become still very 
quickly and precisely, whereas the legs become immobile and unresponsive 
gradually. 
From this point the only active movement is occasionaly twitching 
of coxae or the termini of the maxillary palps. Leg twitching is usually 
confined to coxae, with femurs twitching very infrequently, and distal 
leg segments always still. These twitchlike movements fade away slowly. 
The maxillary palps remain rigidly ventral for a considerable 
length of time, and always "click" into their rigid ventral position if 
moved to some other position with the glass probe. Eventually the palps 
do lose their rigidity and slowly return to their normal position. 
Elapsed times were recorded when they were half way (Figure 4K) and when 
they finally reached their normal position (Figure 4L), This is a slow 
process and doesn't appear to involve active muscle movement. Occa­
sional tremorlike movements of the maxillary palp termini and coxae still 
appear during this palp relaxation with decreasing frequency and ampli­
tude, until the insect becomes completely still. This was recorded as 
the last major chill-coma event (Table 1-M). 
Table 1 indicates the average time it took for each of the chill-coma 
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events (A - M) to occur at each test temperature (0.3° to 10.5°C.)-
A number of trends are evident. As the test temperature increases, 
the average elapsed time for a given event to occur correspondingly 
increases, or, each event responds similarly the temperature treat­
ments. Secondly, the general trend of the sequence of events seems 
to be the same from one test temperature to another, with little over­
lap. Third, as the test temperature increases the proportion of the 
cockroaches exhibiting some events correspondingly decreases. 
Single-linkage cluster analysis (Sokal and Sneath, 1963) was used 
to confirm these apparent trends. The average elapsed times for the 
chill-coma events to occur were divided into classes, and a simple addi­
tive code was used to transfer this data onto computer punch cards that 
were run on an IBM Model 360 computer. The data fell naturally into 
ten classes. These classes and their limits can be seen in Table 2. If 
an event did not occur in the one hour test period, it was placed in 
class 9. 
Figure 5 shows the computer plot of the results of comparing 
the temperature response of each chill-coma event, over the range of 
test temperatures, to each other. The high index of similarity shown 
(82%) indicates that the response of each event is essentially the same 
over the range of temperature treatments. 
Figure 6 illustrates the results of comparing the sequence of 
the chill-coma events within each test temperature to all the others. 
A very high index of similarity was also obtained between the 0.3° and 
9.8°C. test temperatures, while the 10.5°C. test temperature is 
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Table 2. Coding the average elapsed times for chill-coma events to 
occur, for cluster analysis. The time in seconds indicates 
the limits of each class. Â simple additive code was used 
to transfer the data to computer punch cards 
Class Limits in seconds 
0 0 - 150 
1 151 - 235 
2 236 - 300 
3 301 - 375 
4 376 - 700 
5 701 - 900 
6 901 - 1700 
7 1701 - 2900 
8 2901 - 3600 
9 3601 and above 
separated from the others at the 63% level of similarity. 
Figure 7 shows the combined data from groups I and II at each test 
temperature. The light dotted lines indicate the decline in body temper­
ature of an average cockroach at each test temperature (as computed 
from group II cockroaches at each temperature). The bold straight lines 
indicate regression lines computed by the method of least squares. The 
average elapsed time for each event at each temperature (as computed 
from group I cockroaches at each temperature) was placed on the curves 
describing change in body temperature, and only those points were used, 
in the computation of the regression lines, in which 50% or more of the 
cockroaches tested exhibited a given event. The formulae and correla­
tion coefficients (r) are given for each line. This figure is presented 
Figure 5. A reproduction of a computer plot showing the comparison 
of the temperature response of each chill-coma event over 
the range of test temperatures from 0.3 to 10.5 C. 
Ordinate; % similarity. Abscissa: Chill-coma events 
as coded in Table 1 
100 
97 
96 
94 
93 
92 
90 
86 
82 
Figure 6. A reproduction of a computer plot showing the comparison 
of the sequence of chill-coma events within each test 
temperature. Ordinate: % similarity. Abscissa; Test 
temperature in °C. 
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Figure 7. Combined data from cockroach groups I and II at each chill-coma test temperature. 
The light dotted lines are curves describing the change in body temperature of an 
average cockroach tested at each test temperature (as computed from group II cock­
roaches at each temperature). The bold straight lines indicate regression lines 
computed by the method of least squares. The average elapsed time for each event at 
each temperature (as computed from the group I cockroaches at each test temperature) 
was placed on the body temperature curves, and only those points in which 50% or 
more of the cockroaches tested exhibited a given event were used in the computation 
of the regression lines. Each line is coded by a letter which corresponds to the 
legend at the upper right. Correlation coefficients (r) for each regression line 
are given in parentheses. The formula for each regression line is as follows; 
A. Y = 15.9 + (-0.008)X G. Y = 9.2 + (O.OOl)X 
B. Y = 12.4 + (-0.002)% H. Y = 5.3 + (0.004)x 
C. Y = 12.4 + (-0.003)X I. Y = 8.2 + (O.OOl)X 
D. Y = 10.4 + (0.002)X J. Y = 5.5 + (0.002)X 
E. Y = 10.4 + (-O.OOl)X K. Y = -1.8 + (0.004)X 
F. Y = 10.1 + (O.OOO)X L. Y = -4.0 + (0.004)X 
Ordinate; Temperature in °C. Abscissa: Time in seconds 
A-over (r—0.95) 
B«legs tuck (r=-0i87) 
C s tegs cross (r—056) 
D=txxly bent (r«a78) 
E=coxae vertical (r=-0.62) 
F = palps lateral (r=-a58) 
G=head rear (r=a42) 
H "body normal (r=0.60) 
I = palps ventral (r= 0.93) 
J «head normal (r= 0.92) 
K = palps half extended (r= 0.90) 
L = palps normal (r= 0.95) 
M=out 
3000 3600 
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to show the temperature dependence of the chill-coma events- If a 
regression line were vertical it would indicate complete time depen­
dence of that chill-coma event, and conversely if the regression line 
were horizontal it would indicate complete temperature dependence. As 
can be seen by examination of the curves and the formulae for the re­
gression lines, there is little deviation from the horizontal; there­
fore, chill-coma events are temperature dependent. 
Figure 8 illustrates the general condition of an average cockroach 
after exposure to the test temperatures for one hour. The quality and 
frequency of body part movement was rated from excellent to very poor. 
It is apparent that there is a hierarchy of temperature sensitivity of 
various body components. For instance, the distal portions of the legs 
fail to move at a higher temperature than the proximal, whereas the 
proximal segments of the maxillary palps fail at a higher temperature 
than the distal segments. Below 8°C. the only activity of the insect is 
poor movement of the maxillary palp termini, fair movement of coxae, and 
very poor femur movement. Although the cockroaches placed at 10.5°C. 
were rated excellent in all categories, they were unable to right them­
selves and were slightly slower in their movements than normal. 
Table 3 summarizes the events and elapsed times leading to recovery 
of cockroaches at room temperature after they had been exposed to the 
chill-coma test temperatures for one hour. These records are of the same 
insects, at each test temperature, as those in Table 1 where the chill-
coma events were recorded. The events leading to recovery are summarized 
at the left of the table and only a few need additional explanation. 
Figure 8. A summary «of' the general condition of an average adult male 
Periplaneta americana reared at 26°C., after being at one of 
a series of chill-coma test temperatures ranging frcm 0.3° 
to 10-5°C. for one hour. The movement of body parts was 
rated for quality and frequency. The average rating of the 
cockroaches tested at each temperature is indicated by the 
scale at the top of the figure 
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Excellent Good Fair Poor Very Poor 
Chill-Coma Test Temperature(®C.) 
Movement 10.5 j 9.8 8.8 8.0 7.2 5.1 2.9 0.3 
Head iBfci m • 
Antennae 
Max. Palp Seg. 5 
Max. Palp Seg. 4 
Whole Max. Palp 
Maxillae 
Mandibles 
Coxae 
Femurs 
Tibiae 
Tarsi 
Cerci 
Table 3, Adult male Perlplaneta americana reared at 26°C. and placed at a series of chill-
coma test temperatures ranging from 0.3° to 10.5°C. for one hour and then allowed 
to recover at room temperature. (#) indicates the number of cockroaches that 
exhibited a particular recovery event, (sec) indicates the average of the 
elapsed time in seconds that it took for these cockroaches to exhibit the event. 
The total number of cockroaches tested at each temperature is given at the 
bottom of the table. The actual elapsed times on which these averages are based, 
as well as the standard deviation about each mean, may be found in Table 7 of 
the Appendix 
TEST TEMPERATURE ("€.) 
EVEKTS LEADING TO o.y 2.9° 5.1' 7.2° 8.0° 8.8° 9.8° 10.5° 
nctuvtKT sec ê sec 1 sec sec f sec 1 sec i sec 1 sec 
N PALP MOVEMENT 8 114 6 163 7 34 6 35 6 52 3 25 2 40 0 
0 LEG MOVEMENT 8 249 6 86 7 32 5 28 3 37 I 40 2 40 0 
P PROTHORACIC LEGS TUCK 7 321 4 244 5 183 6 84 0 0 0 0 
Q MESOTHORACIC LEGS TUCK 5 412 6 245 6 202 5 112 2 205 0 1 95 0 
R PALP RESPONSE 2 517 4 523 4 289 1 130 0 0 1 55 0 
S ANTENNAE MOVE 5 554 3 383 5 159 6 53 5 92 3 55 1 20 0 
T CERCI MOVE 3 695 1 413 140 1 185 1 95 2 80 0 0 
U GOOD GENERAL RESPONSE 4 802 5 481 5 505 5 303 4 199 2 200 2 65 0 
V GOOD CERCAL RESPONSE 3 847 6 790 3 395 2 290 5 239 5 136 2 105 0 
w LEGS FLAIL 8 857 6 607 5 528 6 313 7 234 5 165 4 75 0 
X POSTURE GOOD 8 949 6 753 6 664 4 463 5 277 4 156 1 130 0 
Y WLK 8 1l8t| 6 965 7 815 6 465 7 498 5 331 7 163 5 n 
Z RUN 8 1273 6 1040 7 914 6 585 7 606 5 376 7 211 5 27 
NUMBER TESTED 8 6 7 6 7 5 7 5 
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Recovery events N and 0 are points at which the first active movement 
beyond simple twitching could be observed in the palps and legs, re­
spectively. Event W, when the legs flail, indicates the point where a 
tarsal running response was evidenced. That is, when a cockroach was 
lifted from the substrate by its wings its legs would be unresponsive 
initially, and hang limply beneath it; later, lifting the cockroach 
triggered general flailing and running-like movements of the legs, and 
this point in time was recorded as occurrence of event W. Event Z, when 
the cockroach was able to run, was taken as the point of complete re­
covery from temperature effects. Generally there was a greater tend­
ency for locomotor incoordination and tremors to occur during recovery 
in cockroaches subjected to lower test temperatures, with the greatest 
frequency of tremors occurring during recovery from 0.3°C. This table 
also illustrates that it takes longer, in general, for a cockroach to 
recover from the colder test temperatures. Full recovery from 0.3°C., 
as indicated by event Z, took over 21 minutes, but less than 10 minutes 
from 7.2°C. 
Figures 9 and 10 illustrate the effect of cockroach body weight on 
the elapsed time for chill-coma events A, F, and I to occur in the cock­
roaches placed at 0.3° and 8°C., respectively. The 0.3°C. test tempera­
ture was chosen for this analysis because, as stated previously, it gave 
the most precise and reproducible sequence of chill-coma events. In 
addition, the decline in body temperature from 26° to 0.3°C. most nearly 
approximated the decline used in the study of temperature effects on the 
cockroach nervous system. The 8°C. test temperature also gave a 
Figure 9. Illustration of the effect of cockroach body weight on the 
elapsed time for chill-coma events A, F, and I to occur in 
a cockroach placed at 0.3°C. The points represent the 
elapsed time for each chill-coma event to occur in each 
cockroach tested at 0.3°C. The open circles indicate event 
F. The straight lines indicate regression lines computed by 
the method of least squares. Correlation coefficients (r) 
are given for each line. The formula for each line is as 
follows ; 
A. Y = 79.4 + (0.0337)X 
F. Y = 8.8 + (0.2620)X 
I. Y = 82.2 + (0.2534)X 
Ordinate: Time in seconds. Abscissa: Weight in milligrams 
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Figure 10. Illustration of the effect of cockroach body weight on 
the elapsed time for chill-coma events A, F, and I to 
occur in a cockroach placed at 8 C. The points repre­
sent the elapsed time for each chill-coma event to occur 
in each cockroach tested at 8°C. The open circles indi­
cate event F. The straight lines indicate regression 
lines computed by the method of least squares. Correla­
tion coefficients (r) are given for each line. The 
formula for each line is as follows: 
A. Y = -21.9 + (0.4585)X 
F. Y = 818.7 + (-0.1966)% 
I. Y = 848.7 + (0.0122)X 
Ordinate: Time in seconds. Abscissa: Weight in milligrams 
53 
12001 
1000-
800-
r=0.06 
<D 
o 
03 
CO 
I 600-
400-
200-
8°C. 
600 700 800 900 
Weight 
(mg.) 
1000 
54 
faithful representation of the chill-coma events and was nearest to the 
immobilization temperature of a 26°C. acclimated cockroach (7.9°C.), 
as determined in the second portion of this study. 
It is apparent from these two figures that there is a slight 
positive effect of weight on elapsed time for some chill-coma events to 
occur. Those regression lines which have a small or negative slope 
have low correlation coefficients (r), while those with a positive slope 
have relatively higher r-values. Therefore, a large cockroach may take 
slightly longer to exhibit a given chill-coma event than a small one, 
but this effect is minor and varies with the event and test temperature. 
The results of the electrophysiological portion of this study are 
summarized and presented in Figures 11 to 15 and Tables 4 and 5. The 
data on which these figures and tables are based may be found in 
Tables 8 to 12 in the Appendix. 
Table 4 gives the action potential extinction temperatures for 
each nerve site examined in all of the cockroaches tested. It is appar­
ent that definite hierarchies of temperature sensitivity are present 
between peripheral nerves and the central nervous system and one between 
the anterior and posterior portions of the cockroach central nervous 
system. The peripheral nerves are slightly more temperature sensitive 
and become electrically silent just prior to the adjoining central 
nervous system in the same body region, although this difference in ac­
tion potential extinction temperature between the central and peripheral 
sites in each body region is not statistically significant at the 0.1 
level of probability when subjected to Student's "t" Test (Snedecor 
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Table 4. Action potential extinction temperatures (°C.) for maxil­
lary nerve 4 (N4), metathoracic leg nerve 5 (N5), and the 
ventral nerve cord between the meso- and metathoracic 
ganglia (T2 - T3), and between the subesophageal and 
prothoracic ganglia (SE - Tl) of adult male Periplaneta 
americana acclimated at 26°C. 
Cockroach Action potential Cockroach Action potential 
weight extinction temperature weight extinction temperature 
(mg.) (mg.) 
T2 - T3 N5 SE - Tl N4 
691.5 4.3 4.4 697.8 7.7 8.0 
731.1 4.5 7.8 724.7 8.5 8.5 
738.0 2.9 3.9 756.1 8.5 7.5 
756.9 3.8 4.8 774.1 5.8 9.0 
757.4 3.9 2.9 777.8 7.5 0 
788.0 3.8 3.8 780.5 7.4 0 
794.2 3.2 4.2 811.2 7.5 9.9 
841.0 2.6 5.6 835.4 6.5 6.5 
898.0 3.8 6.8 873.5 8.2 0 
757.3 3.1 - 8.9 -
717.6 3.1 - 10.8 -
771.7 3.1 7.9 
Mean 3.5 * 4.9 7.9* 8.2 
S.D. + 0.6 + 1.6 ± 1.2 ± 1.2 
*Significantly different at the 0.01 level of probability. 
and Cochran, 1967). More importantly, there is a marked difference in 
temperature sensitivity of the central nervous system at the cervical 
and metathoracic levels. The cervical nerve cord fades out 4.4°C. 
higher than the thoracic nerve cord. This difference is statistically 
significant at the 0.01 level. The electrical silence of the cervical 
nerve cord usually coincided with immobilization of the cockroach, while. 
the thoracic nerve cord and leg nerve 5 continued to transmit impulses 
Figure 11. Illustration of typical nerve activity in Periplaneta americana at selected 
temperatures during a decline from 26 to 0 C. for maxillary nerve 4 (N4), meta-
thoracic leg nerve 5 (N5), and the ventral nerve cord between the meso- and 
metathoracic ganglia (T2 - T3), and between the subesophageal and prothoracic 
ganglia (SE - Tl). The electrical records in temperature ranges 24° to 20°C., 
19° to 16°C., and 15°C. and below, are from actively struggling insects. 
Electrical records at other temperatures are from quiescent insects 
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well below the immobilization temperature. 
It is also apparent from this table that cockroach body weight 
does not have a marked influence on the action potential extinction tem 
perature of any nerve site examined. 
Table 5 gives the average temperature, or elapsed time in seconds, 
for chill-coma events to occur in cockroaches in which electrical 
records were obtained from T2 - T3(N5), SE - TL(N4), and the control 
group in which no nerve sampling was done. Some events are missing 
and temperatures or elapsed times are not indicated for some events 
Table 5. The average temperature (°C.) or elapsed times in seconds 
(*) for chill-coma events to occur in cockroaches that were 
restrained by their pronotum and wings (Controls), in cock­
roaches in which electrical records were obtained from the 
thoracic nerve cord and leg nerve 5, T2 - T3(N5), and in cock 
roaches which electrical records were obtained from the cervi 
cal nerve cord and maxillary nerve 4, SE - T1(N4). Standard 
deviations are indicated about each mean. The code for chill-
coma events corresponds to that in Table 1 
Chill-coma events Event code Controls T2 - T3(N5) SE - T1(N4) 
Maxillary chewing 
Legs tuck 
"Choppy" leg movements 
Coxal twitching 
Coxae vertical 
Poor response 
Head rear 
B 
E 
G 
F 
I 
K 
L 
M 
15.1 + 1.5 
13.9 + 2.7 
13.3 ± 2.3 
12.3 + 1.5 
11.0 + 3.8 
8 .6  +  1 .1  
8 .1  +  0 .6  
6.9 + 1.6 
0 
0 
0 
*2040 + 452 
13.0 + 3.0 
0 
0 
12.6 + 1.7 
0 
0 
7.7 ± 2.1 
6.8 + 3.0 
5.4 + 1.3 
*1377 + 318 
*1708 + 386 
*2724 + 888 
13.5 + 2.1 
11.8 + 1.1 
13.4 ± 1.2 
12.3 ± 0.9 
0 
8.8 + 0.8 
0 
10.4 + 1.1 
7.5 + 1.4 
0 
0 
0 
Max. palps lateral 
Max. palps ventral 
Max. palps % normal 
Max. palps normal 
Completely quiet 
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listed. This is a consequence of the methods used to restrain the 
cockroaches during nerve recording and observation of chill-coma 
events. For instance, a temperature could not be recorded for event 
G, head rear, in SE - T1(N4) cockroaches since the head was already 
held back in the Tempil wax in order to obtain electrical records 
from N4. One exception to this was event I, when the maxillary palps 
extend ventrally, in the control group. All of the insects tested in 
this group became immobile with their maxillary palps lateral; conse­
quently the palp events that follow in sequence, I, K, and L, were not 
recorded. 
The sequence of chill-coma events is the same as summarized in 
Table 1. The temperature at which the events occur is essentially the 
same in all three groups, with the possible exception of events F and I 
in the SE - T1(N4) animals. The higher temperatures needed to trigger 
these events in SE - T1(N4) insects might be a consequence of the rela­
tively massive surgical procedure used to obtain records from N4. 
Figure 12 illustrates the effect of the temperature decrease from 
26° to 0°C. on the average total resting frequency of all the nerve 
sites tested. It can be seen that the basic endogenous frequency of 
each nerve site varies. At 26°C. the average frequency (spikes per 
35 mm frame) was 76.2 for T2 - T3, 68.0 for SE - Tl, 50.6 for N5, and 
19.0 for N4; which correspond to 1060, 940, 700, and 265 hertz, re­
spectively. 
Analysis of variance (Snedecor and Cochran, 1967) indicates that 
T2 - T3 and N5 follow essentially parallel paths during the temperature 
Figure 12. The effect of a temperature decrease from 26° to 0°C. on the frequency of the 
maxillary nerve 4 (N4), metathoracic leg nerve 5 (N5), and the ventral nerve 
cord between the meso- and metathoracic ganglia (T2 - T3) and in the cervi­
cal region (SE - Tl). Each point indicates the average frequency of all the 
cockroaches tested at each temperature. See page 59 for conversion of fre­
quency counts to hertz. Ordinate; Frequency. Abscissa: Temperature in °C. 
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decline from 26° to 0°C., each operating at a different level- Thus, 
their response to temperature decline is similar. A similar compara­
tive analysis could not be performed between SE - T1 and N4 because of 
the low frequency and small sample obtained for N4. 
Superficially, all the nerve sites examined respond similarly to the 
temperature decline. There is a steady linear decrease in frequency as 
the temperature declines from 26° to 12°C., when all sites begin a 
transient increase in frequency which is followed by a sharp decline to 
total electrical silence. The temperatures at which each nerve has its 
transient peak in frequency varies; SE - T1 and N4 peak at 10°C., while 
T2 - T3 and N5 peak at 8°C. It might be noted that the temperature at 
which the frequency peaks in T2 - T3 and N5 coincides with extinction 
temperatures for SE - T1 and N4. 
Figure 13 presents the same data as Figure 12, except that the 
average frequency at other temperatures is expressed as a percentage of 
the average frequency at 26°C. The slope of the decrease in frequency 
from 26° to 10°C. is essentially the same for T2 - T3, SE - Tl, and N4, 
while the slope of decrease for N5 is less steep than the others. 
T2 - T3 drops to a low of 40% of normal at 12°C. and peaks at 65% at 
8°C., for a 25% increase. N5 drops to a low of 58% of normal at 10°C. 
and reaches 76% at 8°C., for a 16% increase. SE - Tl reaches a low of 
45% at 12°C. and peaks at 57% at 10°C., for an increase of 12%. N4 
reaches a low of 37% of normal at 12°C. and peaks at 39% of normal at 
10°C. 
The amplitudes recorded from the 35 mm exposures were placed in 
Figure 13. The effect of a temperature decrease from 26° to 0°C. on the total frequency of 
the maxillary nerve 4 (N4), metathoracic leg nerve 5 (N5) and the ventral nerve 
cord between the meso- and metathoracic ganglia (T2 - T3) and in the cervical 
region (SE - Tl). Each point indicates the average frequency of all of the 
cockroaches tested at each temperature, expressed as a % of the total frequency 
at the normal (26°C.) temperature. Ordinate; Frequency expressed as a % of 
the frequency at the normal (26°C.) temperature. Abscissa; Temperature in °G. 
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five classes for analysis; 40, 60, 80, 100, and 120 or more pvolts. 
Figure 14 shows the average proportion of the total frequency that the 
small 40 and 60 ^volt spikes were of the total frequency at each tem­
perature. It can be seen that these small action potentials made up at 
least 90% of all the spikes counted at each temperature for nerve sites 
T2 - T3, SE - Tl, and N4. There is a steady decrease in the proportion 
of the 40 and 60 ^ volt peaks in N5 as temperature declines to 8°C., when 
they make up only 67% of the total frequency; the proportion then in­
creases with decreasing temperature- The proportion of high amplitude 
peaks is the greatest at the same temperature (8°C.) that the frequency 
reaches its transient peak in N5 (Figure 13). 
Figure 15 illustrates the average frequency for each nerve site in 
three temperature ranges during active struggling by the cockroaches. 
The numbers in parentheses indicate the percent increase in frequency, 
during the active struggling, above the resting frequency of a quies­
cent cockroach. With the exception of N4, all sites show a relatively 
constant increase in frequency during struggling at the three tempera­
ture ranges. The actual vigor of struggling, as indicated by frequency 
in all nerves examined, decreases as the temperature declines. The 
frequency increase over the three temperature ranges averages 285% in N5, 
185% in T2 - T3, 160% in SE - Tl, and N4 goes from 210% above 20°C. to 
no increase below this temperature range. 
Figure 16 presents an amplitude analysis for each nerve site, dur­
ing cockroach struggling, in the three temperature ranges. While the 
frequency during struggling decreases with declining temperature 
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(Figure 13), the proportion of action potentials in the 40 and 60 
^volt range remains constant. It is also apparent that each nerve 
site has its own basal proportion of 40 and 60 ^ volt spikes during 
struggling, regardless of temperature; 100% of the spikes are 40 to 
60 pvolts in N4, approximately 80% in T2 - T3 and SE - Tl, and only 
45% in N5. 
Figure 14. The effect of a temperature decrease from 26° to 0°C. on the amplitude of electri­
cal discharge of maxillary nerve 4 (N4), metathoracic leg nerve 5 (N5), and the 
ventral nerve cord between the meso- and metathoracic ganglia (T2 - T3), and in 
the cervical region (SE - Tl). Each point indicates the average number of spikes 
that were 40 and 60 ^ volts, expressed as a % of the total frequency. Ordinate; 
Number of peaks that were 40 and 60 ^ volts, expressed as a % of the total 
frequency. Abscissa; Temperature in C. 
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Figure 15. The effect of a temperature decrease from 26° to 14°C. .on the total discharge frer 
quency, during active struggling, of the maxillary nerve 4 (N4), metathoracic leg 
nerve 5 (N5), and the ventral nerve cord between the meso- and metathoracic 
ganglia (T2 - T3) and in the cervical region (SE - Tl). Each point indicates 
the average frequency of all of the cockroaches tested at each temperature. The 
numbers in parentheses indicate the average increase in frequency during active 
struggling above the resting frequency level at each temperature. Ordinate: 
Frequency. Abscissa: Temperature in °C. 
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Figure 16. The effect of a temperature decrease from 26° to 14°C. on the amplitude of electri­
cal discharge, during active struggling, of maxillary nerve 4 (N4), metathoracic 
leg nerve 5 (N5), and the ventral nerve cord between the meso- and metathoracic 
ganglia (T2 - T3) and in the cervical region. Each point indicates the average 
number of spikes that were 40 and 60 ^volts, expressed as a % of the total fre­
quency. Ordinate: Number of spikes that were 40 and 60 ^ volts, expressed as a % 
of the total frequency. Abscissa: Temperature in °C. 
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DISCUSSION 
Chill-coma and Behavior 
As first defined by Semper in 1881, chill-coma was described as a 
temporary reversible rigor produced by cold. Since then workers using 
chill-coma as an indicator of thermal acclimation have used various 
criteria to judge when this point of immobility is reached. Colhoun 
(1960) used the ability of 50% of a population to stand or crawl, Mutch-
mor and Richards (1961) used the failure of the insect to respond to 
probing, and Anderson and Mutchmor (1968) used the failure of the cercal 
afferent pathway to the metathoracic legs as their criterion with cock­
roaches. A given species of insect was considered to have a chill-coma 
temperature, that is, chill-coma was defined on a whole animal basis. 
A detailed study of the behavior of an insect during a temperature 
decline that eventually leads to its complete immobility has been lacking. 
The results of the first portion of this study show that different body 
regions may become immobile and unresponsive at different temperatures; 
that is, various body parts may have their own chill-coma temperatures. 
Thus, individuals of the same insect species from the same acclimation 
temperature can have different chill-coma temperatures depending on the 
criterion used to determine the immobility. Using Colhoun's (1960) 
criterion and Table 1, the chill-coma for a 26°C. acclimated Periplaneta 
americana would be just below 10°C., but using Anderson and Mutchmor's 
(1968) criterion it would be near 8°C. 
The chill-coma events as listed in Table 1 are a sequence of body 
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part movements, positions, and failures. These vary in their temperature 
sensitivity and are triggered in certain temperature ranges (Figure 7). 
It is also apparent that as the test temperature increases, the propor­
tion of the cockroaches tested which exhibit a given event correspondingly 
decreases. For instance, the point at which the maxillary palps extend 
rigidly ventral and the mouthparts become still, event I, occurred below 
8°C. in 100% of the cockroaches tested, in only 80% of those placed at 
8.8°C.j in 43% of those placed at 9.8°C., and in none of the insects 
placed at 10.5°C. This is a general trend seen throughout Table 1. It 
is also apparent from this example that 8°C. is the temperature that 
triggers event I in a 26°C. acclimated cockroach. As cooling toward 8°C. 
takes place, increasing numbers of cockroaches in a population should 
exhibit this event. 
The results of the cluster analysis also demonstrates the temperature 
dependence of the chill-coma events. The sequence of events did not vary 
significantly from one test temperature to another (Figure 5). Since 
the temperature decrease to which the cockroaches were subject usually 
fell below the temperature at which the majority of the events should be 
triggered, excluding the 10.5°C. test temperature, one would expect the 
sequence to be the same. 
Since it has been determined that the chill-coma events are primarily 
temperature dependent, it would be expected that the sequence of these 
events would be similar regardless of the rate of temperature decrease, 
within limits. The various test temperatures used, while giving dif­
ferent final internal body temperatures, also reflect different rates 
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of body temperature decline (Figure 7). For instance, it takes an 
average cockroach approximately five minutes to reach 8°C. when placed 
in the chamber set for a final body temperature of 0.3°C., and almost 
20 minutes to reach 8°C. when placed in the chamber set at 8°C. With 
certain qualifications, an event, if temperature dependent, should occur 
when that temperature is reached, regardless of when it is reached. 
At 10.5°C. a 26°C. acclimated cockroach is barely influenced by the 
cold. This is indicated by the presence of few chill-coma event indi­
cators, its excellent over all condition at the end of one hour at 10.5°C., 
and its ability to recover at room temperature in less than 30 seconds; 
this is why the cluster analysis has shown this test temperature to be 
different than the others (Figure 6). 
The varying temperature sensitivity of body regions is also reflected 
in Figure 8. A hierarchy of temperature sensitivity is apparent within 
body regions and appendages. For instance, the head fails to move at 
temperatures lower than 8.8°C. while there is still some movement of 
maxillary palp termini. The proximal portions of the palps fail at a 
higher temperature than the distal, while the converse is true of the 
legs; the tarsi fail at 8.8°C., while the coxae continue to move, although 
poorly, at 2.9°C. 
Although cluster analysis was not performed on the recovery data, 
a number of trends are evident from Table 3. There is a negative cor­
relation between the recovery temperatures and the average time needed 
for recovery. It took twice as long for a cockroach to fully recover 
from 0.3°C. than from 8°C. This negative correlation between test 
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temperature and elapsed time for recovery is logical if chill-coma is 
truly reversible, for if failure of a given body component results from 
placing an insect at or below a specific temperature, then raising the 
temperature above the point where failure occurred should allow that 
body component to function again. Naturally, it took longer to reach 
the recovery temperature of each event in cockroaches taken from lower 
temperatures. 
Anderson (1967) felt that cockroach body weight had a marked effect 
on the time it took for a cockroach to enter chill-coma, in one case it 
took 15 minutes longer for a large cockroach to enter chill-coma than a 
small one. Analysis of the three chill-coma events A, F, and I at the 
0.3° and 8°C. test temperatures show that weight does slightly influence 
the elapsed time for the occurrence of some of these events. If event I 
is taken as the criterion for chill-coma in Periplaneta americana, it can 
be seen from Figure 9 that this event did show a slight positive cor­
relation with body weight, but that a 250 mg difference in body weight 
made less than a one minute difference in the elapsed time for occur­
rence. 
Chill-coma Events and the Nervous System 
The various chill-coma and recovery events are a sequence of body 
part positions, movements, failures, and recoveries. Movement is based 
on neuromuscular interaction, and therefore it is logical to assume that 
the basis for the events lies within the nervous and muscle systems and 
(or) their interaction. Added support for this assumption comes from 
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the cluster analysis (Figure 5) which indicates that the majority of the 
chill-coma events responded with a high degree of similarity to the 
various test temperatures; perhaps this indicates a common mode or site 
of action. 
The head and mouthparts go through a definite series of movements 
prior to immobilization by the cold. The reason for investigating the 
cervical nerve cord and the maxillary nerve was to determine the neural 
basis for the various palp, maxillae, and head movements. 
The maxillary nerve proved disappointing because of its low recorded 
endogenous frequency and amplitude. Removal of the entire labium and 
a considerable amount of maxillary muscle during N4 isolation undoubtedly 
influenced the quality of the mouthpart chill-coma events. Clotting of 
haemolymph, which is a characteristic problem with nerve preparations 
from Periplaneta, caused more problems in N4 preparations than at other 
nerve sites. N4 had the smallest diameter, and was usually buried deeper 
in muscle, than any of the other nerves tested; consequently more mag­
nification and illumination were needed for its isolation. Although the 
microscope lamp used for illumination was equipped with a heat shield, 
the greater intensity of illumination required for dissection produced 
more heat by radiation, and consequently, speeded evaporation and drying 
of the preparation. Although the left maxilla was held laterally by the 
electrode tip during N4 recording, it could still move slightly. This 
movement was enough to produce much artifact on the oscilloscope tracings. 
All other nerve sices were held rigidly enough so that, even during 
vigorous struggling, little or no movement artifact was recorded. For 
the preceding reasons, almost half of the records obtained from N4 had 
to be rejected. 
Lateral palp extension generally coincided with the later portion 
of the transient frequency increase, occurring just below 10°C., of 
both N4 and SE - Tl. Ventral palp extension occurred shortly after 
the occurrence of electrical silence of SE - T1(N4). The morphology of 
the five-segmented maxillary palp has been studied (Pringle, 1938). The 
joints are formed by a thinning of the cuticle on one side, towards which 
the segments can bend. The basal segment is served by two muscles which 
work in opposition, but each of the other segments is moved by one muscle, 
contraction being balanced by the elasticity of the hinge. Therefore, 
active intrinsic muscle movement can only cause flexion of the palp, 
while relaxation of the intrinsic palp muscles causes extension. Haemo-
lymph hydraulics may also play a role in palp movements. Lateral palp 
extension is probably therefore due to relaxation of the intrinsic palp 
muscles and contraction of the basal palp levator muscle. Active con­
traction of other muscle groups in the head and neck occur during this 
lateral palp extension, as indicated by the spreading of the maxillae and 
the rearing of the head. These events, which appear to be indicators 
of general rigor in the head, occur during the transient peak in fre­
quency of SE - Tl and N4. 
As the action potential extinction of SE - Tl and N4 occurs, the 
maxillae come together and become still, the head begins to return to its 
normal position, and the maxillary palps swing ventrally. Thus, ventral 
palp extension is a reliable indicator of electrical silence of the 
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nervous system anterior to the thorax. It is worth noting here that 
similar effects on palp position occur during the stress of CO2 anes­
thesia, KCN poisoning, and exposure to low temperatures. Occasional 
twitchlike movements of the palp termini occur well after both the 
cervical and thoracic nerve cord become electrically silent. Richards 
(1963) has shown that the heart of a cold-acclimated American cockroach 
will beat down to 1.8°C. It may be that the termini of the palps are 
pulsating with each heart beat, since haemolymph hydraulics does play 
a role in some palp movements. These twitchlike movements of the palps 
occurred most frequently in intact cockroaches, less frequently in T2 -
T3(N5) insects which had had their sternums removed, and did not occur 
in any SE -T1(N4) animals in which a large portion of the posterior part 
of the head had been removed during dissection. It might be noted, how­
ever, that occasionally these twitchlike palp movements occurred after 
the cockroach had been below 0°C. for almost 15 minutes. 
Ventral palp extension coincides with the general unresponsiveness 
and immobility of all body parts, for the legs become still, with the 
exception of occasional twitching, shortly afterward. Since ventral 
palp extension also proved to be a reproducible and precise event in the 
majority of the cockroaches tested in both portions of this study, it 
should be used as the indicator of chill-coma in cockroaches. 
Ventral palp extension signals the silence of the anterior nervous 
system, yet the nerve cord, the ganglion (Anderson and Mutchmor, 1968), 
and the main peripheral leg nerve in the metathorax continue to conduct 
impulses. A similar anterior-posterior hierarchy of temperature 
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sensitivity has been demonstrated in fish; the midbrain functions are 
more sensitive to cold than spinal functions (Roots and Prosser, 1962). 
Since the legs were held rigidly during T2 - T3(N5) recording, 
little direct evidence was obtained for the neural basis of the various 
leg positions preceding actual immobility. The tucking and (or) crossing 
of legs occurred during the steady decrease in frequency of both T2 - T3 
and N5. The point at which the leg movements became choppy in the con­
trol and SE - T1(N4) cockroaches, and coxal twitching began in all cock­
roaches, coincides with the period near 12°C. when T2 - T3 and N5 begin 
their transient frequency increase. The proportion of high amplitude 
action potential spikes in N5 also increases at this time. Observation 
of the oscilloscope screen and the cockroach coxae frequently showed a 
one to one relationship between large spikes on N5 and coxal twitching. 
Anderson and Mutchmor (1968) noted that, above the chill-coma tem­
perature, movement of a metathoracic leg, either spontaneously or by 
probing, caused bursts of activity in the metathoracic ganglion; below 
the chill-coma temperature movement of the leg with a probe failed to 
produce such increases in nerve activity. In this nerve study active 
coordinated struggling was generally very feeble below 15®C., and never 
occurred below 10°C. Leg movements below 10°C. were always choppy, un­
coordinated, and twitchlike. These twitchlike movements coincided with 
large amplitude spikes in N5 during the ascent of its transient fre­
quency peak near 8°C. 
N5 begins to peak in frequency and amplitude when the legs show 
signs of entering rigor, as indicated by the coxae swinging rigidly 
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perpendicular to the body. It may be that immobilization of the legs 
is due initially to this efferent bombardment of the leg muscle causing 
rigor, which is followed by flaccid paralysis when N5 decreases in 
frequency and amplitude. Alternatively, the electrical activity re­
corded in N5 may, as temperature declined, become ineffective in the 
motor sense. Kennedy (1971) describes this situation in crayfish as 
follows: "... a crude form of hierarchical order is already apparent: 
some cells are difficult to excite by sensory stimuli, but deliver power­
ful motor input when stimulated, whereas others respond well to natural 
stimulation but are behaviorally ineffectual when active by themselves". 
All nerve sites showed a transient increase in frequency prior to 
extinction. This phenomenon has also been reported for the isolated 
nerve cord of Periplaneta americana by d'Ajello et al. (1967). Aside 
from transient effects, however, nerve activity was directly correlated 
with temperature. This agrees with Kerkut and Taylor (1956), who re­
ported the same effects in the isolated ganglia of the cockroach, cray­
fish, and slug. 
The temperature at which SE - T1 and N4 become silent coincides with 
the point at which T2 - T3 begin to increase in frequency. It can be 
seen that this transient increase in SE - Tl and N4 is fairly sharp and 
short lived, spanning only a degree or two, whereas the transient increase 
in T2 - T3 spans six degrees (Figure 12). It is known that Tl and T2 
exert an inhibitory influence on the metathoracic center controlling 
cercal grooming behavior (Eaton and Farley, 1969). It may be that tem­
perature removes inhibitory influences of anterior centers, which in turn 
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could help to prolong the frequency peak in T2 - T3. 
The immobilization of the cockroach is correlated with the extinction 
of action potentials in the anterior central nervous system, yet headless 
cockroaches (Roeder, 1948) and praying mantids (Roeder, 1937) are capable 
of coordinated walking activity, and Wilson (1965) has shown that the 
metathoracic ganglion contains a neural oscillatory system for walking 
and running movements of the metathoracic legs. Therefore, the effect 
of temperature is more than a simple thermal lesion that separates the 
anterior from the posterior central nervous system. 
Anderson and Mutchmor (1968) postulated a hierarchical sequence of 
nervous failure associated with chill-coma in insects. They suggested 
that perhaps failure of the peripheral nerves or synaptic transmission 
immobilizes the insect, and fadeout of the central nervous system follows 
at a temperature below the immobilization temperature. The peripheral 
nerves have been shown to become electrically silent at essentially the 
the same temperature as the central nervous system in each body region, 
and therefore the failure of the peripheral nerves does not directly 
induce chill-coma in Periplaneta americana. Cold induced immobility is 
correlated with the electrical silence of the central nervous system 
anterior to the thorax; and electrical silence is, in turn, linked to 
the differential temperature sensitivity of the anterior central nervous 
system. 
It is known that CO2, when applied at levels that are not anesthetic, 
can produce differential effects in the cockroach nervous system. The 
level of spontaneous firing in the cockroach nerve cord increases greatly 
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when CO2 is added, and the neural center for ventilative rhythms is 
apparently organized so that the stimulatory action of CO2 on neurons 
results in rhythmic spike patterns (Eaton and Farley, 1969). The 
oscillatory mechanism of cercal grooming behavior, in contrast, is in­
activated by C02- Coordinated movement rapidly breaks down, and quivering 
and disorganized twitching occurs when CO2 is applied (Eaton and Farley, 
1969). There is therefore a differential effect of CO2 on the meta-
thoracic ventilatory and cercal grooming rhythms, and ventilation and 
cercal grooming movements are controlled by independent and unrelated 
neural systems within the metathoracic ganglion. It may be that low 
temperature, as used in this present study, also produces a similar 
differential effect. The level of firing in the thoracic nerve cord 
does show a transient increase in frequency at low temperature, and this 
transient peak coincides with the point where incoordination and twitching 
occurs. It might be noted again that an indicator of chill-coma, ven­
tral palp extension, also occurs in cockroaches anesthetized with CO2. 
Chill-coma as Stress 
Stress is defined as "the sum of all nonspecific biological phenomena 
elicted by adverse external influences, including damage and defense" 
(Borland, 1968). When a cockroach is poisoned by DDT, paralysis is pre­
ceded by a period of vigorous nervous activity causing excitable be­
havior. It has been suggested that, because the quantity of DDT required 
to bring about this excitability is so small, DDT actually causes the 
insect to manufacture autointoxicants, and it is these that are the cause 
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of the paralysis and death. Sternburg and Kearns (1952) gave support 
to this suggestion by showing that DDT poisoned cockroaches contain a 
material in their blood which is not DDT, but which can be lethal when 
injected into normal cockroaches. Beament (1958) produced a similar 
situation by inducing cockroaches to struggle. He restrained Peri-
planeta americana nymphs for three to four days on wax blocks, a treat­
ment which had no adverse effect on respiration or blood circulation. 
After the cockroaches were released they were incapable of righting 
themselves, unable to walk in a coordinated fashion, and failed to re­
cover their normal movements. The chance for paralysis to occur in­
creased with duration of restraint and degree of struggle. A similar 
state of paralysis can be induced, in a shorter time, by direct stimula­
tion of the insect by mechanical tumbling (Heslop and Ray, 1959) or 
electrical stimulation (Sternburg et al. 1959). 
Of all the chemicals known to be toxic to insects, only DDT and 
certain closely related compounds (e.g. methoxychlor and TDE) are known 
to possess a truly negative temperature coefficient of toxicity. A 
distinguishing feature of this phenomenon is the ease with which symptoms 
of poisoning are reversible, provided the dosage is not excessive. High 
temperatures may prevent poisoning completely or delay the onset of 
symptoms, according to the quantity of insecticide used. A dosage of DDT 
toxic at low temperature may be without visible effect at a temperature 
only a few degrees higher, only to bring once more symptoms of poisoning 
when the temperature is again lowered. This unique relationship of tem­
perature and DDT-poisoning has been amply demonstrated by many (Lindquist 
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et al. 1945; Hurst, 1949; Vinson and Kearns, 1952). Thus, symptoms of 
paralysis induced by cold or DDT can be reversed by placing an insect 
at a higher temperature. 
From the preceding evidence Beament (1958) concluded, "hyper-stimula­
tion of the nervous system regardless of whether it is produced by 
chemical stimulation, mechanical or electrical stimulation of the animal, 
or self-promoted activity through imprisonment, can all give rise to 
autocatalytic metabolites which cause paralysis and death". Perhaps 
induction of chill-coma constitutes a similar stress, for this study has 
shown that hyper-stimulation of the nervous system does occur prior to 
immobilization by the cold. 
Thus, immobilization of insects by stress (some insecticides, CO2, 
electrical or mechanical stimulation, cold) may be mediated by the pro­
duction of autointoxicants by the nervous system. 
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SUMMARY 
The results of this study indicate: 
1) Adult Feriplaneta americana acclimated at 26°C. pass through a 
definite series of locomotor events and (or) failures during the onset 
and recovery from coma induced by exposure to a series of low tempera­
tures ranging from 0.3° to 10.5°C. 
2) The chill-coma events are temperature dependent. 
3) As the test temperature increases, the proportion of cockroaches 
exhibiting a given chill-coma event correspondingly decreases. 
4) Body weight plays a minor role in determining the elapsed time 
required for a cockroach to exhibit a given chill-coma event at a low 
temperature. 
5) A hierarchy of temperature sensitivity is apparent within body 
regions and appendages; the proximal portions of the maxillary palps 
fail at a higher temperature than the distal, while the converse is 
true of the legs. 
6) Ventral extension of the maxillary palps coincides with the 
general unresponsiveness and immobility of the cockroach. 
7) It takes longer for a cockroach to recover from coma induced 
at a lower test temperature. 
8) Peripheral nerves are slightly more temperature sensitive and 
become electrically silent just before silence occurs in the adjoining 
central nervous system of the same body region. 
9) There is a marked difference in temperature sensitivity of the 
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central nervous system at the cervical and metathoracic levels; the 
cervical nerve cord becomes electrically silent at a temperature 4.4° 
higher than does the thoracic nerve cord. 
10) Extinction of action potentials anterior to the prothorax is 
correlated with immobilization of the cockroach, and ventral extension 
of the maxillary palps is a reliable indicator of the beginning of this 
electrical silence; therefore, ventral palp extension is an indicator 
of chill-coma in the cockroach. 
11) Superficially, all the nerve sites examined respond similarly 
to a temperature decline from 26° to 0°C. There is a steady, linear, 
decrease in frequency as the temperature declines to 12°C. All nerves 
then begin a transient increase in frequency, followed by a sharp decline 
to total electrical silence. 
12) The basic endogenous frequency of each nerve site varies. 
13) All nerves examined show a relatively constant increase in 
frequency during cockroach struggling above 12°C. The actual vigor of 
struggling, as indicated by frequency, decreases as temperature declines, 
while the proportion of small, 40 to 60 ^ volt, action potential spikes 
remains constant. 
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APPENDIX 
The following pages include the elapsed times and temperatures 
recorded during the occurrence of the events observed during ind.uction 
and recovery from chill-coma. The frequency and amplitude measure­
ments, during the temperature decrease from 26° to 0°C., for maxil­
lary nerve 4 (N4), metathoracic leg nerve 5 (N5), and the ventral 
nerve cord between the meso- and metathoracic ganglia (T2 - T3), and 
between the subesophageal and prothoracic ganglia (SE - Tl), are also 
included. Table 6 includes the raw data for the elapsed times for the 
various chill-coma events to occur. Table 7 includes the raw data for 
the elapsed times for recovery events to occur. The weight of individ­
ual insecfts tested is also presented in Tables 6 and 7. Table 8 pre­
sents a summary of the amplitudes and frequency counts for the thoracic 
nerve cord and peripheral leg nerve 5 during the temperature decline 
from 30° to 0°C., at each temperature interval. Table 9 presents 
the same data for the cervical nerve cord and maxillary nerve 4. 
Table 10, 11, and 12 indicate temperature (°C.) and (or) elapsed times 
in seconds for chill-coma events to occur during a temperature decrease 
from 30° to 0°C. while recording from T2 - T3 and N5 (Table 10), 
SE - Tl and N4 (Table 11), and the control group for which no nerve 
records were obtained (Table 12). 
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Table 6. Elapsed times in seconds for chill-coma events to occur. 
Chill-coma events are coded by letter to correspond to 
Table 1 of the Results 
Roach 
weight Chill-coma events 
(mg.) H I J K L M 
(0.3° C. test temperature) 
613.4 75 0 120 0 155 180 185 0 270 270 1000 1460 1900 
671.0 130 0 240 195 0 175 215 0 250 0 900 1075 1590 
678.7 110 140 165 0 210 180 210 0 230 230 790 920 2050 
698.4 125 0 160 185 160 200 215 0 250 370 1000 1600 2670 
731.1 120 0 245 280 245 190 0 350 260 0 795 1125 1375 
756.0 85 230 105 180 160 215 0 300 300 0 940 1200 2475 
774.1 80 0 0 205 150 165 0 0 205 0 800 1000 1525 
782.7 60 0 150 0 125 260 225 0 295 295 1100 1610 3400 
826.0 150 200 150 0 335 0 275 0 335 420 950 1225 2590 
mean 104 190 167 209 193 196 220 325 266 317 920 1246 2175 
S.D. t 30 46 51 41 69 30 21 35 39 77 108 254 662 
(2.9°C. test temperature) 
702.9 130 0 195 0 0 230 230 0 300 0 1060 1220 3450 
721.1 150 260 200 275 0 380 0 330 390 0 1175 1510 0 
731.0 170 0 300 0 310 275 275 0 335 335 1060 1350 3480 
747.5 160 0 250 0 0 0 270 0 315 0 1090 1380 0 
842.6 160 230 0 0 0 290 325 0 325 0 850 1490 0 
942.3 200 230 320 0 0 250 340 0 395 0 1300 1460 0 
mean 162 240 253 275 310 285 288 330 293 335 1089 1402 3465 
S.D. I 23 17 57 0 0 58 45 0 39 0 149 108 21 
(5.1°C. test temperature) 
473.7 150 150 150 0 0 0 255 0 375 0 1625 2000 0 
498.1 200 0 200 0 0 0 0 0 425 0 1290 2260 3200 
580.7 170 290 230 0 0 0 0 0 420 0 0 2500 0 
669.4 185 290 260 260 475 325 385 410 475 530 1275 1830 3470 
699.1 175 0 250 0 0 0 0 0 375 0 1700 2600 0 
768.2 230 240 0 0 525 430 0 0 525 0 1270 1800 0 
843.6 135 295 215 0 400 295 0 0 455 0 1380 1580 0 
mean 178 253 218 260 467 350 320 410 436 530 1462 2081 3335 
S.D. t 31 62 37 0 63 71 92 0 54 0 191 382 191 
Table 6 (Continued) 
Roach Chill-coma events 
weight 
( m g . ) A  B  C  D  E  F  G  H  I  J  K L M  
(7.2°C. test temperature) 
622.1 270 350 350 0 435 500 435 0 550 600 2130 2920 3350 
648.5 270 405 405 425 425 360 0 650 530 0 2100 2550 0 
769.3 295 530 350 330 600 460 560 0 740 2600 2310 2760 0 
780.7 260 460 350 320 510 0 510 0 650 2560 1675 2700 0 
805.3 245 275 0 275 575 370 275 710 610 0 2200 3270 0 
834.2 250 610 340 360 800 540 825 0 875 1175 3475 0 0 
mean 265 438 359 342 558 446 521 605 660 1734 2315 2840 3350 
S.D. t 18 112 26 56 138 79 201 30 130 1005 608 275 0 
(8.0° C. test temperature) 
569.5 230 410 840 450 840 840 0 650 910 1025 0 0 0 
669.0 275 275 0 275 470 470 585 585 710 810 3400 0 0 
697.2 275 350 0 640 675 710 0 980 750 980 1900 2650 0 
760.1 360 490 0 600 600 660 0 915 810 490 1525 2150 0 
780.3 350 550 755 490 755 550 890 1420 1110 910 0 3550 0 
809.0 375 575 995 575 770 840 865 770 895 770 3260 0 0 
943.5 380 380 735 440 735 0 760 1270 820 0 0 0 0 
mean 321 433 828 496 692 678 775 941 858 831 2521 2783 0 
S.D. I 60 110 118 124 124 151 139 311 132 193 948 709 0 
(8.8°C. test temperature) 
677.7 340 0 975 340 750 825 785 975 0 2260 0 0 0 
729.2 360 360 875 470 875 700 915 530 2170 1390 0 0 0 
734.9 375 570 0 450 785 980 880 880 995 1195 0 0 0 
860.0 425 430 635 480 740 670 810 1090 885 2900 0 0 0 
893.8 360 625 0 490 740 800 740 1500 1040 0 0 0 0 
mean 372 496 828 446 778 795 826 995 1273 1911 0 0 0 
S.D. t 32 122 175 61 57 122 71 351 601 792 0 0 0 
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Table 6 (Continued) 
Roach Chill-coma events 
weight . 
(mg.) ABCDEFGHIJKLM 
(9.8 °C. test temperature) 
557.5 375 430 375 430 675 0 0 1860 0 0 0 0 0 
662,4 390 410 1075 430 1075 0 800 860 1075 3100 0 0 0 
677.5 330 330 0 380 675 430 1010 1690 1450 3540 0 0 0 
679.0 400 400 0 400 625 960 910 910 970 3000 0 0 0 
701.7 375 550 975 480 975 0 0 860 0 1220 0 0 0 
758.9 525 625 525 600 600 960 1040 1040 0 2230 0 0 0 
833.8 415 415 1260 415 1100 975 1400 1400 0 2630 0 0 0 
mean 402 452 842 448 818 831 1032 1231 1165 2620 0 0 0 
S.D. + 61 101 376 74 222 268 226 418 252 1024 0 0 0 
(10.5°C. • test temperature) 
618.5 585 640 0 640 0 0 0 970 0 0 0 0 0 
630.6 525 600 0 525 0 0 0 1080 0 0 0 0 0 
699.5 625 625 0 850 0 0 0 935 0 0 0 0 0 
788.9 425 425 0 650 0 0 0 1300 0 0 0 0 0 
805.8 700 0 0 825 1300 0 0 1060 0 0 0 0 0 
mean 572 572 0 698 1300 0 0 1069 0 0 0 0 0 
S.D. + 104 99 0 137 0 0 0 143 0 0 0 0 0 
Table 7. Elapsed times in seconds for recovery events to occur. 
Recovery events are coded by letter to correspond to 
Table 3 of the Results 
Roach „ 
. , Recovery events 
weight 
(™S-) NOPQRSTUVWX 
(0.3°C. test temperature) 
613.4 125 300 350 350 0 525 595 1050 0 1100 1050 1330 1415 
671.0 135 135 190 450 0 0 1000 0 0 945 800 1545 1800 
678.7 65 170 340 415 0 560 490 600 0 610 650 1170 1280 
698.4 200 360 390 0 520 450 0 0 0 950 1100 1150 1200 
731.1 25 150 195 0 0 660 0 820 850 800 815 835 930 
756.0 85 300 350 410 0 0 0 0 950 760 1010 1125 1120 
774.1 75 295 0 0 515 0 0 0 0 875 1165 1275 1340 
782.7 200 280 435 435 0 575 0 740 740 815 1000 1045 1100 
mean 114 249 321 412 517 554 695 802 847 857 949 1184 1273 
S.D. + 63 84 94 38 4 76 269 188 105 147 175 209 262 
(2. 9°C. test temperature) 
702.9 350 175 0 250 700 0 0 0 1110 825 1340 1500 1540 
721.1 120 60 0 110 450 425 0 475 1010 600 870 1100 1150 
731.1 215 50 225 290 520 385 413 520 520 520 560 800 840 
747.5 95 25 200 225 420 340 0 465 720 525 525 680 750 
842.6 95 170 230 370 0 0 0 470 850 620 670 860 1050 
942.3 105 35 200 225 0 0 0 475 530 550 550 850 910 
mean 163 86 214 245 523 383 413 481 790 607 753 965 1040 
S.D. + 102 68 16 85 126 43 0 22 245 114 315 296 284 
(5. 1°C. test temperature) 
473.7 30 25 0 0 170 0 140 370 0 520 0 680 830 
498.1 35 70 145 210 290 85 0 710 0 0 970 1130 1380 
580.7 40 50 190 210 0 270 0 675 0 0 760 1280 1460 
669.4 10 10 190 210 320 60 0 0 480 450 600 590 625 
699.1 65 40 230 260 0 300 0 440 0 715 640 770 800 
768.2 45 20 160 160 0 80 0 330 385 415 515 450 500 
843.6 10 10 0 160 375 0 0 0 320 540 600 780 800 
mean 
+ 
34 32 183 202 289 159 140 505 395 528 664 815 914 
S.D. 20 22 33 38 87 116 0 176 80 116 186 325 384 
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Table 7 (Continued) 
Roach Recovery events 
weight 
(mg.) NOPQRS TUVWX 
(7.2°C. test temperature) 
622.1 25 30 100 130 0 25 0 250 0 260 400 400 580 
648.5 35 60 95 105 130 70 0 400 0 335 500 510 575 
769.3 30 10 85 95 0 115 185 350 0 450 450 600 890 
780.7 35 10 80 110 0 35 0 365 0 365 0 450 600 
805.3 40 30 55 120 0 40 0 0 430 290 500 530 555 
834.2 45 0 90 0 0 30 0 150 150 180 0 300 310 
mean 35 28 84 112 130 53 185 303 290 313 463 465 585 
S.D. + 7 20 16 14 0 35 0 102 198 93 49 106 184 
(8. 0°C. test temperature) 
569.5 50 0 0 0 0 60 0 130 160 160 160 350 460 
669.0 85 10 0 175 0 100 0 250 0 250 370 510 740 
697.2 85 30 0 0 0 120 0 175 0 175 175 450 545 
760.1 50 70 0 235 0 60 0 0 743 370 440 860 980 
780.3 0 0 0 0 0 120 95 0 150 200 0 590 675 
809.0 30 0 0 0 0 0 0 240 90 360 240 415 450 
943.5 10 0 0 0 0 0 0 50 120 0 310 390 
mean 52 37 0 205 0 92 95 199 239 234 277 498 606 
S.D. + 30 31 0 43 0 30 0 57 327 98 123 185 208 
(8.8°C. test temperature) 
677.7 0 0 0 0 0 0 0 0 125 110 110 380 420 
729.2 0 40 0 0 0 30 0 0 85 220 220 375 425 
734.9 30 0 0 0 0 50 0 0 100 125 125 280 320 
860.0 15 0 0 0 0 0 75 0 150 170 170 280 315 
893.8 30 0 0 0 0 85 85 200 220 200 0 340 400 
mean 25 40 0 0 0 55 80 200 136 165 156 331 376 
S.D. + 9 0 0 0 0 28 7 0 53 47 50 49 54 
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Table 7 (Continued) 
Roach _ 
. , ^ Recovery events 
weight 
N O P Q R S T U V W X  
(9-8°C. test temperature) 
557.5 0 40 0 0 55 0 0 0 130 50 130 130 275 
662.4 0 0 0 0 0 0 0 0 0 90 0 225 300 
677.5 30 0 0 0 0 0 0 0 0 120 0 225 300 
679.0 50 40 0 95 0 20 0 145 90 0 0 460 480 
701.7 0 0 0 0 0 0 0 0 0 0 0 25 30 
758.9 0 0 0 0 0 0 0 25 0 0 0 55 60 
833.8 0 0 0 0 0 0 0 0 0 40 0 50 60 
mean 40 40 0 95 55 20 0 65 105 75 130 163 211 
S.D. 14 0 0 0 0 0 0 73 14 38 0 157 174 
(10.5 C. test temperature) 
618.5 
630.6 
699.5 
788.9 
805.8 
mean 
S.D. 
10 
10 
20 
10 
15 
11 
4 
20 
20 
55 
15 
25 
27 
16 
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Table 8. Frequencies, for the central nervous system between the meso-
and metathoracic ganglia (T2 - T3) and metathoracic leg nerve 
5 (N5)j distributed among five amplitude classes 
Temperature T2 - T3 ^ volts N5 _jjvolts 
(°C.) 40 60 80 100 120 &> 40 60 80 100 120 
(Quiescent (691.5 mg.) 
insects) 
27 89 4 0 0 0 70 12 10 0 1 
26 84 5 0 0 0 66 8 0 0 1 
25 99 1 0 0 0 60 7 3 0 0 
20 79 12 0 0 0 53 4 3 0 0 
12 42 9 1 0 0 29 7 8 5 2 
10 32 4 0 0 0 19 7 3 1 4 
9 47 5 1 0 0 17 4 8 8 3 
8 60 8 1 0 0 22 5 11 2 1 
7 57 11 5 0 0 21 2 9 0 5 
6 54 19 7 0 0 14 0 3 2 2 
5 38 14 1 0 0 8 1 0 0 0 
4 0 0 0 0 0 0 0 0 0 0 
(Active 
insects) 
24 - 20 124 29 21 2 1 21 9 23 15 127 
19 - 16 72 18 17 0 0 30 8 32 9 52 
15 6c < 45 19 10 0 1 21 16 17 2 41 
(Quiescent (713.1 mg.) 
insects) 
27 82 9 3 1 0 24 2 0 0 0 
26 68 6 4 0 0 31 0 1 0 0 
25 61 14 3 0 0 19 0 1 0 0 
20 57 12 6 0 0 8 0 1 1 0 
12 44 1 0 0 0 15 0 0 0 0 
10 40 9 0 0 0 15 2 0 0 0 
9 50 10 4 1 0 21 1 6 0 1 
8 51 19 5 1 0 11 0 0 0 0 
7 51 23 9 0 0 0 0 0 0 0 
6 33 24 9 0 0 0 0 0 0 0 
5 27 12 0 0 0 0 0 0 0 0 
4 0 0 0 0 0 0 0 0 0 0 
(Active 
insects) 
24 - 20 89 38 25 3 7 32 18 29 5 42 
19 - 16 54 20 34 7 9 32 20 18 6 31 
15 & < 48 31 16 3 2 26 12 12 5 13 
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Table 8 (Continued) 
Temperature T2 - T3 pvolts N5 ^ volts 
(°C.) 40 60 80 100 120 &> 40 60 80 100 120 
(Quiescent (738.0 mg.) 
insects) 
27 66 12 0 0 0 51 9 5 0 1 
26 51 5 0 0 0 54 10 1 2 0 
25 42 3 0 0 0 54 11 6 1 0 
20 75 9 0 0 0 34 5 5 0 1 
12 34 5 1 0 0 23 2 2 2 2 
10 33 2 1 0 0 15 4 6 2 4 
9 38 5 2 0 0 18 6 4 2 2 
8 55 15 3 0 •0 10 9 12 2 1 
7 50 14 12 3 1 14 7 12 0 0 
6 25 15 7 0 1 13 10 6 0 1 
5 35 14 8 1 0 17 2 1 0 0 
4 28 7 5 0 0 8 0 0 0 0 
3 20 2 1 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 0 0 0 
(Active 
insects) 
24 - 20 91 15 12 1 1 42 12 16 10 42 
19 - 16 74 14 5 1 1 21 9 14 9 44 
15 & < 56 15 12 1 3 20 10 33 14 44 
(Quiescent (756.9 mg.) 
insects) 
27 50 8 17 0 1 19 5 4 2 5 
26 62 5 7 4 0 40 2 5 0 0 
25 47 12 5 1 0 21 8 4 2 1 
20 31 3 5 0 0 31 10 9 2 0 
12 7 0 0 0 0 11 1 2 0 0 
10 16 1 0 0 0 16 10 2 0 1 
9 41 8 0 1 0 21 6 2 0 1 
8 48 5 1 0 0 7 6 2 0 1 
7 30 0 0 0 0 14 1 2 0 0 
6 7 3 0 0 0 12 1 1 0 0 
5 19 6 0 0 0 9 1 0 0 0 
4 21 1 0 0 0 0 0 0 0 0 
3 0 0 0 0 0 0 0 0 0 0 
(Active 
insects) 
24 - 20 62 18 12 0 1 54 20 11 2 14 
19 - 16 56 11 4 0 0 34 16 19 6 6 
15 & < 
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Table 8 (Continued) 
Temperature T2 - T3 ^ volts N5 ^ volts 
(°C.) 40 60 80 100 120 &> 40 60 80 100 120 
(Quiescent 
insects) 
27 51 14 7 1 
(757.4 mg 
0 
. )  
37 4 0 0 4 
26 65 17 7 1 1 21 7 1 0 3 
25 60 16 2 1 0 31 12 6 1 5 
20 53 6 2 1 0 29 13 0 0 4 
12 34 5 2 0 1 24 7 2 2 0 
10 36 16 5 0 0 16 10 13 1 1 
9 32 6 5 0 0 19 8 2 1 0 
8 32 10 7 0 0 24 2 0 0 0 
7 13 4 8 0 0 14 4 2 0 1 
6 14 11 3 0 0 17 6 3 1 1 
5 10 5 4 4 6 10 5 4 4 6 
4 8 2 1 2 0 2 1 0 0 0 
3 0 0 0 0 0 0 0 5 0 0 
(Active 
insects) 
24 - 20 42 28 39 13 14 55 25 33 15 46 
19 - 16 62 22 20 0 3 36 10 39 9 30 
15 6c < 27 18 21 5 1 18 9 17 12 10 
(Quiescent 
insects) 
27 73 10 4 1 
(788.0 mg. 
0 
. )  
21 0 0 0 0 
26 45 8 6 0 0 17 0 0 0 0 
25 43 15 11 1 0 17 0 0 0 0 
20 15 0 0 0 0 12 0 2 0 0 
12 20 0 0 0 0 20 1 3 0 1 
10 34 1 0 0 0 15 2 0 0 0 
9 23 0 0 0 0 23 5 1 0 0 
8 11 0 0 0 0 23 1 1 0 0 
7 13 0 0 0 0 13 1 0 0 0 
6 9 0 0 0 0 14 2 0 0 0 
5 13 0 0 0 0 9 1 2 1 0 
4 12 3 0 0 0 9 0 0 0 0 
3 0 0 0 0 0 0 0 0 0 0 
(Active 
insects) 
24 - 20 90 24 24 4 2 70 20 6 2 0 
19 - 16 60 9 2 0 0 53 11 5 0 4 
15 6c < 
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Table 8 (Continued) 
Temperature T2 - T3 )ivolts N5 ^ volts 
(°C.) 40 60 80 100 120 & > 40 60 80 100 120 
(Quiescent (794.2 mg.) 
insects) 
27 63 1 0 0 0 41 5 2 0 1 
26 56 0 0 0 0 38 5 3 0 0 
25 54 1 0 0 0 24 10 2 0 2 
20 46 0 0 0 0 28 2 1 0 2 
12 14 0 0 0 0 14 0 2 1 3 
10 9 0 0 0 0 21 1 0 0 0 
9 14 0 0 0 0 24 11 4 0 4 
8 23 0 0 0 0 20 11 5 2 2 
7 29 0 0 0 0 21 7 8 0 0 
6 39 0 0 0 0 15 8 0 2 0 
5 22 0 0 0 0 8 4 3 0 0 
4 23 1 0 0 0 0 0 0 0 0 
3 0 0 0 0 0 0 0 0 0 0 
(Active 
insects) 
24 - 20 74 33 14 0 0 20 11 29 18 69 
19 - 16 69 4 1 0 0 23 22 28 6 21 
15 6c < 
(Quiescent (841.0 mg-) 
insects) 
27 68 13 11 1 2 60 14 5 0 0 
26 68 20 19 3 2 60 3 2 0 0 
25 56 13 15 0 0 63 4 4 0 2 
20 47 8 4 0 0 23 2 0 0 2 
12 34 8 0 0 0 18 3 2 0 3 
10 53 19 6 0 0 10 4 2 1 7 
9 49 18 14 3 0 7 5 9 5 10 
8 45 17 6 0 1 6 6 10 7 5 
7 42 10 9 3 1 5 9 3 3 0 
6 39 12 11 0 0 3 0 0 2 1 
5 30 12 7 0 0 0 0 0 0 0 
4 20 6 3 1 0 0 q 0 0 0 
3 32 13 8 0 0 0 d 0 0 0 
2 0 0 0 0 0 0 0 0 0 0 
(Active 
insects) 
24 - 20 77 37 40 6 2 8 12 15 6 92 
19 - 16 52 16 25 5 6 14 8 14 5 47 
15 & < 
Table 8 (Continued) 
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Temperature T2 - T3 ^ volts N5 ^ volts 
(°C.) 40 60 80 100 120 &> 40 60 80 100 120 &> 
(Quiescent 
insects) 
27 63 3 0 0 
(898.0 
0 
mg.) 
45 11 13 0 1 
26 54 1 1 0 0 34 4 4 0 2 
25 61 1 0 0 0 39 11 3 0 3 
20 43 2 2 0 0 32 4 4 1 4 
12 11 0 0 0 0 13 0 0 0 3 
10 19 0 0 0 0 6 0 1 5 0 
9 30 0 0 0 0 11 0 8 0 0 
8 28 1 0 0 0 12 3 1 0 0 
7 35 3 0 0 0 8 0 0 0 0 
6 36 11 2 0 0 0 0 0 0 0 
5 54 9 3 0 0 0 0 0 0 0 
4 31 5 0 0 0 0 0 0 0 0 
3 0 0 0 0 0 0 0 0 0 0 
(Active 
insects) 
24 - 20 
19 - 16 69 24 27 3 2 23 12 17 5 86 
15 & < 47 4 5 0 0 22 22 9 1 6 
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Table 9. Frequencies, for the central nervous system between the 
subesophageal and prothoracic ganglia (SE - Tl) and maxillary 
nerve 4 (N4), distributed among five amplitude classes 
Temperature SE - Tl ^ volts N4 ^ volts 
(°C.) 40 60 80 100 120 &> 40 60 80 100 120 
(Quiescent (697.8 mg.) 
insects) 
27 55 13 3 0 7 15 0 0 0 0 
26 86 16 1 0 1 10 0 0 0 0 
25 70 14 2 0 3 11 0 0 0 0 
20 47 16 7 2 1 12 0 0 0 0 
12 27 6 1 0 0 8 0 0 0 0 
10 32 6 0 0 0 8 0 0 0 0 
9 26 1 0 0 0 3 0 0 0 0 
8 17 0 0 0 0 0 0 0 0 0 
7 0 0 0 0 0 0 0 0 0 0 
(Active 
insects) 
24 - 20 59 8 2 0 8 
19 - 16 44 17 7 0 2 
15 & < 34 19 16 3 2 
(Quiescent (724.7 mg.) 
insects) 
27 51 1 6 0 0 14 0 0 0 0 
26 59 4 2 0 0 11 0 0 0 0 
25 64 5 0 0 0 10 0 0 0 0 
20 55 2 0 1 2 15 0 0 0 0 
12 37 2 0 0 0 6 0 0 0 0 
10 51 5 2 0 0 8 0 0 0 0 
9 35 8 2 0 0 2 0 0 0 0 
8 0 0 0 0 0 0 0 0 0 0 
(Active 
insects) 
24 - 20 73 21 19 3 5 28 1 0 0 0 
19 - 16 
15 & < 
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Table 9 (Continued) 
Temperature SE - T1 ^ volts N4 juvolts 
(°C.) 40 60 80 100 120 &> 40 60 80 100 120 
(Quiescent (756.1 mg.) 
insects) 
27 56 20 8 4 0 11 0 2 0 0 
26 56 10 16 4 1 14 0 1 0 0 
25 46 13 19 1 1 16 0 0 0 0 
20 37 2 0 0 0 12 0 1 0 0 
12 17 4 1 0 0 9 2 0 0 0 
10 26 6 2 0 0 10 0 0 0 0 
9 14 3 3 1 0 3 0 0 0 0 
8 0 0 0 0 0 4 0 0 0 0 
7 0 0 0 0 0 0 0 0 0 0 
(Active 
insects) 
24 - 20 59 8 15 6 0 25 0 0 0 0 
19 - 16 44 8 3 1 0 10 1 0 0 0 
15 & < 
(Quiescent (774.1 mg.) 
insects) 
27 63 10 0 0 0 17 0 0 0 0 
26 59 11 3 0 0 13 0 0 0 0 
25 60 17 0 0 0 13 0 0 0 0 
20 48 2 2 0 0 9 0 0 0 0 
12 36 5 4 0 0 6 0 0 0 0 
10 43 12 5 1 0 5 0 0 0 0 
9 35 9 6 1 0 0 0 0 0 0 
8 45 7 2 0 0 0 0 0 0 0 
7 39 7 12 3 1 0 0 0 0 0 
6 15 5 11 1 0 0 0 0 0 0 
5 0 0 0 0 0 0 0 0 0 0 
(Active 
insects) 
24 - 20 51 25 34 7 6 
19 - 16 53 9 14 1 2 
15 5c < 35 9 4 4 1 
Table 9 (Continued) 
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Temperature SE - T1 juvolts N4 jivolts 
(°C.) 40 60 80 100 120 &> 40 60 80 100 120 & > 
(Quiescent (777.8 mg.) 
insects) 
27 69 13 7 0 1 
26 67 8 5 0 1 
25 64 4 4 0 0 
20 45 7 6 0 1 
12 30 3 0 0 0 
10 39 3 3 0 0 
9 19 4 1 0 0 
8 4 0 0 0 0 
7 0 0 0 0 0 
(Active 
insects) 
24 - 20 
19 - 16 
15 & < 
(Quiescent (780.5 mg.) 
insects) 
27 71 10 0 5 0 
26 65 2 2 0 1 
25 67 4 2 1 1 
20 46 5 4 0 0 
12 29 1 1 0 1 
10 40 0 3 1 0 
9 17 2 2 0 0 
8 6 1 0 0 0 
7 0 0 0 0 0 
(Active 
insects) 
24 - 20 59 8 1 0 3 
19 - 16 46 15 6 1 1 
15 & < 33 11 11 4 0 
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Table 9 (Continued) 
Temperature SE - T1 ^ volts N4 /ivolts 
(OQ.) 40 60 80 100 120 &> 40 60 80 100 120 &> 
(Quiescent (811.2 mg.) 
insects) 
27 66 1 0 0 0 25 4 3 0 0 
26 47 0 1 0 0 14 0 1 0 0 
25 55 0 0 0 0 24 1 0 0 0 
20 39 1 1 0 0 15 1 1 0 0 
12 36 2 5 0 0 5 0 0 0 0 
10 41 1 0 0 0 1 0 0 0 0 
9 29 0 0 0 0 0 0 0 0 0 
8 11 0 0 0 0 0 0 0 0 0 
7 0 0 0 0 0 0 0 0 0 0 
(Active 
insects) 
24 - 20 71 15 7 0 3 38 4 1 0 0 
19 - 16 
15 & < 56 10 9 4 1 16 4 0 0 0 
(Quiescent (835.4 mg.) 
insects) 
27 42 1 1 0 0 17 0 0 0 0 
26 41 1 1 0 0 17 0 0 0 0 
25 43 4 0 0 0 11 0 1 0 0 
20 30 4 1 0 0 17 2 0 0 0 
12 5 0 0 0 0 7 0 0 0 0 
10 9 0 0 0 0 11 0 0 0 0 
9 9 1 0 0 0 10 0 0 0 0 
8 11 0 0 0 0 5 0 0 0 0 
7 14 1 0 0 0 8 0 0 0 0 
6 0 0 0 0 0 0 0 0 0 0 
(Active 
insects) 
24 - 20 
19 - 16 
15 & ^  
Ill 
Table 9 (Continued) 
Temperature SE - T1 ^ volts N4 pvolts 
(°C.) 40 60 80 100 120 &> 40 60 80 100 120 &> 
(873.5 mg.) (Quiescent  
insects) 
27 58 9 8 0 0 
26 49 0 0 0 0 
25 63 6 2 0 0 
20 44 0 1 0 0 
12 34 6 0 0 0 
10 26 13 9 0 0 
9 14 5 5 1 0 
8 0 0 0 0 0 
(Active 
insects) 
24 - 20 62 12 10 5 1 
19 - 16 37 5 10 3 2 
15 & < 26 6 4 0 0 
Table 10. Temperature (°C.) or elapsed time in seconds (*) for chill-coma events to occur as 
electrical records were made from the thoracic nerve cord (T2 - T3) and metathoracic 
leg nerve 5 
} Roach weight (mg.) 
Chill-coma events 
691.5 713.1 738.0 756.9 757.4 788.0 794.2 841.0 898.5 
Maxillary chewing 12.0 13.0 15.0 17.0 12.0 18.0 10.8 10.7 9.0 
Coxal twitch 12.0 11.0 15.0 14.0 12.0 12.5 10.4 14.9 11.5 
Head rear 8.8 9.0 8.0 0 12.0 10.5 9.2 6.5 5.6 
Palps lateral 6.0 6.6 7.8 0 8.0 10.0 6.1 6.1 4.0 
Palps ventral 4.5 5.0 5.0 6.1 6.9 7.9 5.0 4.8 3.8 
*Palps % normal 1800 1500 1050 1175 1350 975 1150 1750 1675 
*Palps normal 2100 1900 1175 1430 1750 1350 1370 2100 2200 
C^ompletely out 4400 2340 2425 2000 2450 1875 2000 3800 3230 
Table 11. Temperature (°C.) for chill-coma events to occur as electrical records were made from 
the cervical nerve cord (SE - Tl) and maxillary nerve 4 
Roach weight (mg.) 
Chill-coma events 
697.8 724.7 756.1 774.1 777.8 780.5 811.2 835.4 873,5 
Maxillary chewing 14.0 14.0 0 12.5 0 0 0 12.0 12.0 
Legs tuck 0 10.0 12.0 13.0 0 0 12.0 12.0 0 
"Choppy" legs 14.0 13.0 14.0 13.0 12.5 15.0 12.0 15.0 12.0 
Coxal twitch 12.0 12.5 0 0 12.0 12.0 11.0 0 14.0 
Poor response 8.0 10.0 8.0 9.0 9.0 8.0 8.0 9.0 10.0 
Palps lateral 0 10.0 9.9 9.8 12.0 0 0 0 0 
Palps ventral 0 8.0 8.5 5.5 8.0 0 0 0 0 
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Temperature (°C.) or elapsed times in seconds (*) for chi 
coma events to occur in roaches restrained by their wings 
and pronotum 
Roach weight (mg.) 
Chill-coma events ; 
631.9 707.3 761.6 779.4 800.0 864.2 
Maxillary chewing 13.0 14.0 16.0 15.0 17.0 16.0 
Legs tuck 12.0 13.0 12.0 12.5 19.0 15.0 
"Choppy" legs 13.0 13.0 9.0 15.0 15.0 15.0 
Coxal twitch 13.0 12.0 11.5 11.0 15.0 11.1 
Coxae vertical 13.0 13.0 7.5 12.5 15.0 5.5 
Poor response 7.0 9.0 8.0 9.5 10.0 8.0 
Head rear 7.5 7.5 8.9 8.9 8.1 7.9 
C^ompletely out 2030 2025 1700 1660 2900 1900 
